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The Marigold mine is located on the northern end of Nevada’s Battle Mountain-Eureka 
trend, approximately 55 km east-southeast of Winnemucca, Nevada in the Battle Mountain 
mining district. Marigold defines a N-S trending cluster of economic gold anomalies 
approximately 7 km long. Marigold has been historically described as a porphyry-related distal 
disseminated deposit based on the presence of porphyritic intrusions, proximity to known 
porphyry systems (e.g. Phoenix, Converse, Elder Creek), inferred high Ag:Au ratio, and limited 
understanding of sulfide mineralogy related to gold mineralization.  
 The aim of this research was to examine the genesis of the gold mineralizing system at 
Marigold by determining the age of felsic porphyritic intrusions throughout the Marigold mine 
and the genetic relationship between these intrusions and gold mineralization. Geochronologic 
data were supplemented by geochemical sampling to understand the effect of the intrusions on 
the host rock, the effect of alteration on the intrusions, and the geochemical signature of gold 
ores. In addition to geochronologic and geochemical data, a secondary goal of the project was to 
determine the ore mineralogy below the redox boundary.  
The gold deposits at Marigold formed in Ordovician to Permian meta-sedimentary and 
sedimentary sequences that were intruded by at least 14 plagioclase-biotite-hornblende phyric 
quartz monzonite porphyry dikes, three of which crosscut the sedimentary host rock packages in 
the Basalt, Mackay, and Target II open pits. U-Pb isotopic ages from CA-TIMS analysis of 
zircon grains show that the intrusions were emplaced in the Late Cretaceous (~97.6-92.2 Ma). 
Geochemical analysis of quartz monzonite intrusions indicates that increased alteration of dike 
margins is associated with elevated concentrations of gold and gold pathfinder elements such as 
arsenic, antimony, and thallium, suggesting the introduction of gold post-dates emplacement of 
Late Cretaceous intrusions.   
Petrographic analyses of sulfide-bearing rock suggest that two mineralization events 
occurred at Marigold: a base metal mineralization event (stannite, gersdorffite, argentiferous 
tennantite, chalcopyrite, pyrite, sphalerite, chromite) and a gold mineralization event (native gold, 
pyrite, stibnite). No textural evidence was found to suggest the relative timing between gold and 
base metal mineralization, although porphyry-related base metal mineralizing systems formed 
during the late Cretaceous elsewhere in the Battle Mountain mining district. Gold occurs natively 
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within quartz veinlets and within As-bearing pyrite in unoxidized rock. Electrum, which is 
common in distal disseminated Ag-Au deposits, was not documented at Marigold. Apatite fission 
track ages indicate a heating event occurred in the Eocene and are interpreted to represent the age 
of gold mineralization.  
The Ag:Au ratio of gold ores is 0.64, which is typical of Carlin-type deposits but 
significantly lower than many distal disseminated deposits, which have considerably more silver. 
The deposits at Marigold have no clear genetic affiliation with a porphyry system and display 
many characteristics similar to Carlin-type deposits. As a result, Marigold should be considered a 
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Nevada is the most important gold producing state in the U.S., accounting for 76% of 
domestic gold production in 2012 (Muntean, 2014). The majority of the gold produced in 
Nevada is mined from two conspicuous linear alignments of deposits: the Carlin trend and the 
Battle Mountain-Eureka trend (Fig. 1.1). These trends are composed of sedimentary rock-hosted 
gold and porphyry-related deposits and account for 38 and 31 percent of the 5.6 Moz of gold 
produced in Nevada in 2012, respectively (Muntean, 2014).  
The Battle Mountain-Eureka trend is estimated to contain over 90.4 Moz of gold, 63 
percent of which is contained within Carlin-type deposits (Theodore, 1998; Johnston et al., 2008; 
Berger et al., 2014; Davis and Muntean, 2014; Goldcorp Inc., 2013). Carlin-type deposits are 
sedimentary rock-hosted Au-Ag deposits characterized by sub-micron sized gold particles 
incorporated within As-enriched pyrite overgrowths on the rims of pre-ore, As-poor pyrite grains 
(Arehart et al., 1993; Hofstra and Cline, 2000; Cline et al., 2005). The majority of Carlin-type 
deposits occur in decarbonatized argillaceous limestones below the Roberts Mountain thrust 
(Hofstra and Cline, 2000; Theodore, 2003; Cline et al., 2005).  
 
Fig. 1.1. Location of the Marigold mine in north-central Nevada relative to Carlin-type deposits. 

























These deposits typically have increased concentrations of As, Sb, Tl, and Hg relative to 
unmineralized rock (Cline et al., 2005). Despite many years of research, no consensus has been 
reached regarding the source of heat and metals required to form these deposits.  
An estimated 15 percent of all gold on the Battle Mountain-Eureka trend is contained 
within deposits classically described as distal disseminated (Theodore, 1998; Johnston et al., 
2008; Berger et al., 2014; Davis and Muntean, 2014; Goldcorp Inc., 2013). Distal disseminated 
deposits (Model 19c of Cox and Singer, 1990, 1992; Cox, 1992; Peters et al., 2004) are defined 
as sedimentary rock-hosted silver-gold deposits that form distal to genetically related intrusive 
dikes and stocks. Distal disseminated deposits occur outboard of intrusion-proximal deposits 
such as porphyry, skarn, polymetallic vein and replacement bodies. Distal-disseminated deposits 
are characterized by an ore-stage mineral suite consisting of native gold and silver, electrum, 
base metal and silver sulfides, and a whole-rock geochemical signature including elevated Pb, Zn, 
Cu, Sb, As, Hg and Te (Cox, 1992). Unlike Carlin-type deposits, the distal disseminated deposit 
classification implies a genetic process in which deposits are formed by the precipitation of 
metals from hydrothermal fluids on the outer reaches of magmatic-hydrothermal systems.  
Nine percent of the estimated total contained gold on the Battle Mountain-Eureka trend is 
contained within the deposits at Marigold (Fig. 1.1; Theodore, 1998; Johnston et al., 2008; 
Berger et al., 2014; Davis and Muntean, 2014; Goldcorp Inc., 2013). The deposits at Marigold 
have been previously classified as distal disseminated (see Doebrich and Theodore, 1996; 
Theodore, 1998; Theodore, 2000) despite a lack of evidence linking the introduction of gold to a 
genetically-related intrusive body. The Marigold mine is located on the northern end of Nevada’s 
Battle Mountain-Eureka trend and defines a N-trending cluster of economic gold anomalies 
approximately 7 km long (Fig. 1.2). Marigold has been historically described as a porphyry-
related distal disseminated deposit based on the presence of porphyritic intrusions within the 
deposit area and proximity to known porphyry and porphyry-related deposits such as Buffalo 
Valley, Buckingham, Elder Creek, and Trenton Canyon (Doebrich and Theodore, 1996; 
Theodore, 1998; Theodore, 2000). Prior to the present investigation, systematic studies 
describing basic characteristics of distal disseminated deposits within the district (e.g., 
geochemical signatures, ore and gangue mineralogy, paragenesis, and geochronology) were 
lacking. In addition, available data were inadequate to assign a deposit classification with 
confidence or certainty. 
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Fig. 1.2. Geologic map showing the location of Marigold relative to other deposits in the Battle 
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This study integrates field relationships with petrologic, geochemical, and 
geochronologic investigations to elucidate the relationship of gold mineralization events to 
magmatism at Marigold. Components of this study included characterization of the ore 
mineralogy, temporal and spatial distribution of ore minerals, ore mineral chemistry, and 
alteration history. 
  A genetic model of the Marigold deposit is proposed, and the deposit is classified based 
on empirical evidence. Mineralogical, geochemical and geochronological results from this study 
yield potential implications for the classification of sediment-hosted gold deposits in northern 
Nevada.  
 
1.1 Thesis organization 
The first chapter of this thesis presents the scientific question, “What are the geochemical, 
geochronologic, and genetic characteristics of the gold deposits at Marigold, and how do they 
relate to Carlin-type and distal disseminated deposits?”, which will be addressed in the 
subsequent chapters of this work. To preface evidence presented in Chapter 2, a background 
description of the general characteristics of Carlin-type and distal disseminated Ag-Au deposits 
and their geologic context is also included in Chapter 1. Description of the scientific question is 
accompanied by an explanation of the importance of this research topic, a list of project goals, 
and description of the approach and methods.  
The results of the research, including temporal and spatial associations of intrusive rock 
and gold ore, ore and gangue mineralogy, ore-stage paragenesis, and chemical signatures, are 
presented in Chapter 2, “Geology, Geochemistry, and Geochronology of the Marigold Mine, 
Battle Mountain-Eureka Trend, Nevada”. This chapter emphasizes mineral characteristics, 
including trace element distribution within minerals and implications of paragenesis, which 
strongly support particular aspects of deposit genesis, including metal source. Results of multi-
method geochronology and implications for the thermal history of the Marigold area are also 
presented. Chapter 2 is written and formatted for submission to a peer-reviewed journal such as 
Economic Geology.  
Chapter 3, “Discussion and conclusions”, includes a summary of the results presented in 
Chapter 2, as well as interpretations regarding genetic models and classification of sedimentary-
hosted Au-Ag deposits. These suggestions may aid in the exploration of sedimentary-hosted gold 
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deposits, including guiding exploration on the Marigold property and elsewhere in the Battle 
Mountain mining district and northern Nevada.  
 
1.2 Statement of Problem 
Deposits classically described as “distal disseminated” in northern Nevada share many 
characteristics with Carlin-type deposits. However, their classification as “distal disseminated” 
implies that gold mineralization was genetically related to magmatic-hydrothermal processes and 
that these deposits are the distal products of recognized intrusive bodies or porphyry deposits 
(Theodore, 1998). There is no conclusive evidence that relates gold mineralization to magmatic-
hydrothermal processes for many of the deposits previously described as “distal disseminated” in 
the Battle Mountain mining district, and no previous studies have critically evaluated the 
classification of the Marigold deposit.  
The amount of contained gold in deposits classically described as “distal disseminated” in 
the Battle Mountain district was previously underestimated. The cumulative contained ounces 
from Marigold, Lone Tree, Trenton Canyon, Valmy, and North Peak were estimated to be 
9,000,000 oz by Theodore (1998). However, recent estimates suggest approximately 8,500,000 
oz may be contained at Marigold alone (Goldcorp, 2013). More than 4,500,000 oz were 
produced at Lone Tree, whereas Trenton Canyon, Valmy, and North Peak cumulatively contain 
in excess of an estimated 250,000 ounces (Davis and Muntean, 2014). Due to the increased 
economic importance of the deposits within the Battle Mountain mining district, it is important 
to ensure the deposits are classified appropriately. Characteristics of these deposits, such as grade 
and tonnage, are incorporated into deposit models that may lead geologists into different 
environments. Geologists exploring for distal disseminated deposits would be searching for 
smaller targets in districts with obvious magmatic influence, such as the presence of porphyry 
deposits, whereas geologists exploring for Carlin-type deposits seek large targets in areas 
without conspicuous magmatic signatures.  
In order to investigate the genesis of gold deposition at Marigold, the research herein 
examines several targeted subsidiary questions: 
1) What is the thermal history (including magmatism and hydrothermal alteration) of 
the Marigold area? 
2) What is the nature of gold and main ore stage minerals? 
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3) How do ore, gangue, and alteration mineralogy differ among lithologies and in 
oxidized versus unoxidized rock? 
4) What is the precious and base metal content of unoxidized rock, and is the low 
Ag:Au ratio in oxidized rock due to supergene effects? 
5) What is the geochemical signature associated with gold mineralization, and how 
does it compare to known Carlin-type and distal disseminated deposits? 
 
1.3 Overview of Carlin-type deposits 
Carlin-type deposits are a class of disseminated, sedimentary-hosted Au-Ag deposits that 
are restricted to a small region of the Great Basin physiographic province of northern Nevada 
and northwest Utah (Fig. 1.1; Hofstra and Cline, 2000). These deposits formed during the 
Eocene, between 33 and 40 Ma (Arehart et al., 2003). In northern Nevada, Carlin-type deposits 
define five distinct lineaments (Fig. 1.1; Battle Mountain, Carlin, Getchell, Jerritt Canyon, and 
Alligator Ridge trends) thought to represent deeply penetrating, Proterozoic to Paleozoic 
structures that acted as subsequent zones of weakness, concentrating deformation and channeling 
mineralizing fluids (Cline et al., 2005; Emsbo et al., 2006; Grauch et al., 2003; Hofstra and Cline, 
2000; Muntean et al., 2007).  Many of the deposits that define these trends are also spatially 
related to centers of Eocene magmatism (Henry and Ressel, 2000).  
 The majority of Carlin-type gold deposits are hosted by autochthonous, miogeoclinal 
argillaceous carbonate (“lower plate”) rocks that are exposed in tectonic windows through 
allochthonous, eugeoclinal siliciclastic (“upper plate”) rocks of the Roberts Mountain allochthon 
(Grauch et al., 2003; Wallace et al., 2004; Yigit and Hofstra, 2003). Low-grade gold is 
commonly present in upper plate rocks above Carlin-type deposits (Peters et al., 1998; Wallace 
et al., 2004; Newmont, unpublished data). Gold in Carlin-type deposits typically occurs as both 
native nanoparticles (Au0) and in solid solution (Au+) in arsenic-rich pyrite overgrowths on pre-
ore pyrite. To a lesser extent gold occurs within arsenopyrite and marcasite (Fleet and Mumin, 
1997; Simon et al., 1999; Palenik et al., 2004; Reich et al., 2005). The average gold content of 
ore-stage pyrite varies between 50 and 2,000 ppm (Large et al., 2009), but locally reaches values 
in excess of 4,000 ppm (Fleet and Mumin, 1997; Hofstra and Cline, 2000).  
 In addition to gold and arsenic, trace elements that are enriched in ore stage pyrite 
commonly include Sb, Hg, Tl, Te, and Cu, and to a lesser extent, Pb, Mo, Zn, Mn, Bi, Ni, W, Ag, 
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and Co (Cline et al., 2005; Emsbo et al., 2003; Hofstra and Cline, 2000). Altered host rocks in 
Carlin-type deposits are characterized by elevated As, S, Au, Sb, Hg, and Tl, with variable 
amounts of Te, Cu, W, Mo, Se, Fe, Ag, Pb, Si, Ba, Cs, and Zn.  The silver to gold ratio in Carlin-
type ore is commonly less than 1:1 (Cline et al., 2005). However, this ratio includes data from 
many oxidized Carlin-type deposits, where Ag may have been mobilized during oxidation 
(Peters et al., 2004). Ore stage hydrothermal fluids were moderate in temperature (180°-240°C) 
and contained 2-3 weight percent NaCl equivalent, <4 mol percent CO2, and <0.4 mol percent 
CH4 (Cline et al., 2005; Hofstra and Cline, 2000).   
 Conflicting interpretations have been proposed for the provenance of mineralizing fluids 
based on isotopic data (O and H) from various deposits. Ore fluids at Meikle have δD and δ18O 
values of -135 ‰ and -5 ‰, respectively, suggesting a wall-rock buffered meteoric water source 
(Emsbo et al., 2003). At the Getchell deposit, δD values range from -155 to -40 ‰ and δ18O 
values cluster between 0 and 10 ‰, suggesting ore fluids formed from variably wall-rock 
buffered magmatic or metamorphic water (Hofstra and Cline, 2000). Sulfur isotopic data from 
sulfide and sulfate minerals are similarly ambiguous. The δ34S values of ore stage pyrite at 
Betze-Post range between -1 to 5 ‰, suggesting a magmatic sulfur source (Kesler et al., 2003), 
whereas δ34S values of pyrite from Meikle range from 2 to 11 ‰ with a mean of 10 ‰, 
suggesting an alternative sulfur source or combination of sulfur sources (Emsbo et al., 2003).  
The δ34S of barite from the Marigold mine clusters between 10 to 15 ‰, whereas δ34S of vein 
barite from the Carlin trend is much heavier, with values ranging from 20 to 50 ‰, indicating a 
non-magmatic sulfur source (Doebrich and Theodore, 1996). The timing of these minerals 
relative to the introduction of gold is commonly poorly constrained, possibly resulting in a wide 
range of isotopic values. Isotopic values may also vary with spatial proximity to the mineralizing 
system center and with the extent of fluid buffering.   
 There is currently no consensus on the fluid and metal source(s) for Carlin-type deposits. 
The three most prominent models are (1) deeply sourced magmatic, with or without 
metamorphic fluids (Hofstra and Cline, 2000), (2) shallow magmas that provided heat, with or 
without metals and fluids (Johnston and Ressel, 2004; Ressel and Henry, 2006; Sillitoe and 
Bonham, 1990), and (3) circulation of meteoric water that scavenged metals from Paleozoic 
sedimentary exhalative occurrences or other crustal sources (Ilchik and Barton, 1997; Emsbo et 
al., 2003; Large et al., 2011).  
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1.4 Overview of Distal Disseminated Ag-Au deposits 
 Distal disseminated Ag-Au deposits are loosely stratiform, disseminated silver and gold 
deposits that are interpreted to form on the outer reaches (>1 km, Peters et al., 2004) of 
porphyry-related hydrothermal systems in carbonate and clastic sedimentary rocks (Fig 1.3; Cox, 
1992). Distal disseminated Ag-Au deposits are suggested to be the disseminated equivalent of 
polymetallic vein deposits related to porphyry systems (Cox and Singer, 1990; Cox, 1992; Peters 
et al., 2004). In the western United States, distal disseminated Ag-Au deposits are found distal to 
felsic intrusions. Those that are known are predominantly Mesozoic and Tertiary in age (Cox and 
Singer, 1990), which may be a function of preservation potential.  
 Distal disseminated Ag-Au deposits contain considerably less gold (Cox, 1992; Cline et 
al., 2005; Peters et al., 2004; Berger et al., 2014), and higher concentrations of base metals and 
silver (Cline et al., 2005; Cox and Singer, 1990, Cox, 1992; Cox and Singer, 1992; Peters et al., 
2004; Theodore, 1998) than Carlin-type deposits.  The silver to gold ratio of ores in distal 
disseminated Ag-Au deposits is as high as 400:1, such as at Candelaria, Nevada (Cox, 1992; 
Thomson et al., 1995). Ore-stage minerals include: native gold and silver, electrum, argentite, 
silver sulfosalts, tetrahedrite, stibnite, galena, sphalerite, chalcopyrite, pyrite, marcasite, and 
arsenopyrite, with or without stannite and canfieldite (Cox, 1992). In addition to Ag and Au, 
altered host rocks in distal disseminated deposits commonly have increased amounts of Pb, Mn, 
Zn, Cu, Bi, Sb, As, Hg, and Te (Cox, 1992; Peters et al., 2004). Distal disseminated Ag-Au 
deposits are characterized by the addition of potassium, manganese, and sodium, whereas these 
elements are typically unchanged or removed in Carlin-type systems (Albino, 1993; Bloomstein 
et al., 2000; Peters et al., 2004).  
 The fluids responsible for the formation of distal disseminated Ag-Au deposits share 
many similarities with Carlin-type fluids. Fluid inclusions and gangue minerals from both 
deposit types show no evidence of boiling of ore-stage hydrothermal fluids (Peters et al., 2004). 
Salinities of ore-stage fluids are low in both deposit types (Peters et al., 2004; Cline et al., 2005).  
 
1.5 Deposit Classification 
 Classification of mineral deposits into groups helps geologists understand the 
characteristics of certain deposit types and in some instances to infer geologic processes 
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Fig. 1.3. Generalized model of distal disseminated Ag-Au deposits, illustrating the relationship 
with a shallow-seated causative intrusion and proximal metamorphosed rock. The genetic 
relationship between Carlin-type deposits and deep-seated intrusive bodies remains unclear. 
Modified after Peters et al. (2004). 
 
responsible for deposit formation. This information provides the basis for successful exploration 
models in greenfield and brownfield settings. When the genesis of a deposit is not well 
understood, the deposit can be classified based on descriptive characteristics such as the 
composition and distribution of ore and alteration minerals, geochemical signature, grade, 
tonnage, and deposit morphology. Classification using genetic terminology should be restricted 
to those deposits for which relevant data exist, or for deposits with observable characteristics that 
closely match other deposits that formed by well-known processes. The focus of this study is the 
classification of the Marigold deposit. Marigold has been previously described using a genetic 
term (distal disseminated) based on the assumption that the deposit had physical characteristics 
similar to other deposits (e.g., Candelaria) that formed distal to causative porphyries. However, 
the present investigation demonstrates that the characteristics of the Marigold deposit are in fact 





















1.6 Geologic Setting  
 The Marigold deposit is located on the northern end of Nevada’s prolific Battle 
Mountain-Eureka trend, approximately 55 km east-southeast of Winnemucca, Nevada (Fig. 1.1). 
Marigold is composed of a 7 km long cluster of oxidized economic Au anomalies that are 
aligned with adjacent Carlin-type and polymetallic deposits of the Battle Mountain-Eureka trend. 
Several authors have suggested that the linear alignment of deposits that define the Battle 
Mountain-Eureka and Carlin trends may be due to overlapping of Paleozoic and early Mesozoic 
tectonic structures centered on a broad suture zone formed by accretion of Archean and 
Paleoproterozoic terrane onto the westward extension of the Wyoming craton (Cline et al, 2005; 
Grauch et al., 2003; Muntean et al., 2007).  
 Four primary tectonostratigraphic assemblages are present in north-central Nevada: 
1) Cambrian to Devonian miogeoclinal carbonate shelf-slope rocks (Lower plate of 
Roberts Mountain thrust) formed during extension related to the breakup of Laurentia 
(Fig 1.4 A; Cline et al., 2005)  
2) Upper plate Ordovician eugeoclinal siliciclastic rock of the Roberts Mountain thrust 
emplaced over the miogeoclinal carbonate sequence during the Devonian to 
Mississippian Antler orogeny (Fig 1.4 B; Roberts, 1964)  
3) Autochthonous Mississippian to Permian shallow water overlap sequence consisting of 
chemical sediments and clastic rocks shed into a foreland basin that developed in 
response to lithostatic loading during to the Antler orogeny (Fig 1.4 C; Cline et al., 
2005; McGibbon, 2005), and  
4) Mississippian-Permian deep-water siliciclastic rocks and basalt (Upper plate of 
Golconda thrust) that were thrust on top of the overlap sequence during the Permo-
Triassic Sonoma orogeny (Fig 1.4 D; Theodore, 2000).  
 
 A group of sedimentary rock-hosted Au-Ag deposits along the Battle Mountain-Eureka 
trend have been well characterized as Carlin-type (e.g. Cortez, Pipeline, Tonkin Springs), 
identified by high Au/Ag ratios, anomalous As, Ba, Sb, Hg, and Tl, and Cambrian sedimentary 
shelf-slope carbonate host rock packages (Cline et al. 2005). The Battle Mountain-Eureka trend 
also hosts several skarn and porphyry deposits interpreted to be related to coeval porphyritic 
intrusions (e.g. Converse, Phoenix, Fortitude, Elder Creek) that have mineralized various parts of 
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Fig. 1.4. Simplified tectonostratigraphic illustration of northern Nevada during the Devonian (A), 
Devonian to Mississippian (B), Mississippian to Permian (C), and Permian to Triassic (D).  
 
the tectonostratigraphic sequence (Cleveland, 2000; Theodore, 1998; Theodore, 2000; King, 
2011). A third group of deposits (e.g. Marigold, North Peak, and Valmy; Cox, 1992; Theodore, 
1998) shares many of the same geochemical signatures and physical expressions as Carlin-type 
deposits, as well as similar host rocks and structural alignment, but are generally hosted in the 
upper plate of the Roberts Mountain thrust. These deposits have been classified as “distal 
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disseminated” based on the assumption that they formed distal to causative porphyritic intrusions 
(Cox, 1992; Theodore, 1998).  
In the northern Battle Mountain mining district, deposits previously described as distal 
disseminated (Marigold, Lone Tree, Valmy, Trenton Canyon, North Peak) predominantly occur 
in the hanging wall of the northeast-striking, northwest-dipping Oyarbide fault, which post-dates 
mineralization. This fault is spatially separated from porphyry and skarn deposits to the south 
(Fig. 1.2; Doebrich and Theodore, 1996; Theodore, 1998). Theodore (1998) proposed that the 
spatial separation of deposit types reflects approximately 700 m of downward displacement of 
the NW block (normal displacement), juxtaposing deposits that formed at different paleodepths. 
The Cambrian miogeoclinal carbonate sequence in the lower plate of the Roberts 
Mountain thrust, which hosts the majority of Carlin-type gold mineralization in the region, is 
covered by thousands of feet of Ordovician eugeoclinal siliciclastic rock of the Valmy Formation 
at Marigold. The Valmy Formation was transported at least 90 km eastward as part of the 
Roberts Mountain allochthon during the early Mississippian Antler orogeny (Evans and 
Theodore, 1978). Deformation of the Valmy Formation is largely attributed to thrusting during 
this orogeny (McGibbon, 2005), with secondary influences from Mesozoic to Cenozoic 
magmatism and an extensional tectonic regime operating from the mid-Tertiary through to the 
present (Theodore, 1998). The Valmy Formation consists of folded and faulted quartzite, chert, 
and argillite that is the shallow water, lateral facies equivalent to the carbonaceous, shale-rich 
Vinini Formation found further east in northern Nevada (Gilluly and Gates, 1965). Gold is 
primarily hosted in the Valmy Formation on the Marigold property and is commonly associated 
with iron oxide minerals in fractures within quartzite above the redox boundary. In the mine area, 
the Valmy Formation is at least 700 m thick based on drilling; no drill holes have intersected 
significant carbonate horizons thought to exist below the Roberts Mountain thrust (McGibbon, 
2005). 
The Mississippian-Permian Antler “overlap” sequence, a mixed limestone, sandstone, 
and siltstone package, was unconformably deposited on top of the Valmy Formation. Sediment 
shed off the Antler highland, which developed during the Antler orogeny, formed the majority of 
the autochthonous Antler sequence (McGibbon, 2005). The rocks of the Antler sequence are 
relatively undeformed, despite being situated between two major allochthons. The relatively 
undeformed state of the Antler sequence is considered evidence that emplacement of the 
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Golconda allochthon probably did not cause deformation of the underlying Valmy Formation 
(McGibbon, 2005). The Antler overlap sequence is also a significant gold host on the Marigold 
property. 
Interbedded chert, siltstone, sandstone, argillaceous carbonate, and basalt of the 
allochthonous Mississippian-Permian Havallah Formation were thrust over the Antler sequence 
during the Permo-Triassic (~240 Ma) Sonoma orogeny (McGibbon, 2005; Theodore, 2000). The 
Golconda thrust is the contact between the Antler sequence and Havallah Formation, and is 
interpreted by some workers (Doebrich and Theodore, 1996) to be the major tectonostratigraphic 
control on mineralization in the Marigold camp. The Havallah Formation is also complexly 
folded (Cleveland, 2000; McGibbon, 2005). Although the Havallah Formation is not a major ore-
hosting unit at the Marigold mine, it is known to be a host at the adjacent Lone Tree mine, 
Converse deposit, Stonehouse deposit, and Buffalo Valley mine (McGibbon, 2005). The 
Havallah Formation also hosts small showings of copper minerals, predominantly malachite with 
lesser chalcopyrite, on the western flank of the Marigold property. 
Rocks of the Valmy, Antler, and Havallah formations are exposed on the surface and in 
open pits at Marigold and are intruded by plagioclase-biotite-hornblende phyric quartz 
monzonite dikes and sills. The intrusions are typically no wider than 10 m, but several intrusions 
can be traced along strike for 10’s to 100’s of meters. The largest intrusion on the Marigold 
property, located in the NE 1/4 sec. 13, T. 33 N, R. 42E is approximately 400 m long by 200 m 
wide at the surface (Theodore, 2000). No major alteration aureole formed by the emplacement of 
intrusive bodies has been identified on the Marigold property. These intrusions appear to have a 
spatial association with gold ore and are present in at least three open pits. Gold grade is locally 
increased along the margins of these intrusions, which may occupy faults and hydrothermal fluid 
conduits. !
 
1.7 Approach and methods  
 The aim of the proposed research is to determine the genesis of the gold deposits at 
Marigold. Secondary objectives, which cumulatively serve to address the target question, 
include: 
1) Characterization of the intrusions and the spatial relationship between 
intrusive rocks and ore bodies 
! 14!
2) Discrimination between intrusion-related alteration and gold mineralization-
related alteration 
3) Documentation of the nature of ore-minerals and gangue in oxidized and 
reduced rock to assess whether magmatically derived fluids could have been 
responsible for gold deposition 
 
 Previous mapping and field reconnaissance have identified several intrusions on the 
Marigold property. Theodore (2000) mapped the four largest intrusive bodies on the Marigold 
property, in addition to several smaller dikes. These intrusions were defined as either 
monzogranite or granodiorite. Fourteen intrusions were identified in this study over an area of 
approximately 22 km2.  
 Two open pits at Marigold are currently being mined (Target II and Mackay). Another 
open pit (Antler-Basalt), which is partially back-filled, was also available for study. All three 
open pits have excellent exposures of host rock intruded by dikes of unknown age, providing 
ideal sites for geochemical sample traverses and documentation of alteration in various 
lithologies. In addition to surface samples, limited core was available for investigating refractory 
material. Gold was discovered in both oxidized and refractory material, which allows for direct 
comparison between ore types and understanding of the effect of weathering on primary ore and 
gangue mineralogy.   
 
1.7.1 Data collection 
 Prior to beginning fieldwork, all available published materials regarding the Marigold 
mine were compiled and reviewed. Maps, reports, and databases acquired while on the mine site, 
including over 15,500 whole-rock geochemical analyses (by ICP-MS) of samples from 62 drill 
holes, supplemented published literature. Additional data were supplied upon request by the 
geology team at Marigold. Data collection, including literature review and compilation of 
internal datasets and maps, provided regional and deposit-specific background information on 
which data collected during this study was based. Fieldwork supplemented the previous data 
compilation with ground-based observations and targeted sampling for geochronological, 




 Initial fieldwork at the Marigold mine commenced during the summer of 2013, and was 
supplemented by an additional visit to the mine during the spring of 2014.  The summer 2013 
field season was spent identifying and sampling all intrusions throughout the property to 
understand the spatial extent of magmatism and determine proximity to ore zones. Physical 
characteristics and structural features of the intrusions were documented. During this phase, 
several previously unrecognized intrusions were discovered. The sampling focus was shifted to 
the intrusions and host rocks in the open pits when allowed by mining activities. Twenty-one 
oxidized host rock samples were collected for whole-rock geochemistry, 37 samples were chosen 
for petrography, and four samples of intrusions were selected for geochronology. Each sample 
location was documented geographically and with photographs.  
 The spring 2014 field session included core logging and sampling of unoxidized rock 
from core. During this field session, two diamond drill core holes totaling 1,575 feet were logged 
in detail. From examination of previous core logs and geochemical data, 18 high-grade sample 
intervals were selected for whole-rock geochemistry and 19 for petrography. In total, 57 samples 
were analyzed petrographically.  
 
1.7.3 Whole-rock geochemistry 
 Fifty-four samples were collected to be analyzed for whole-rock geochemistry, including 
open pit transects of host rock and intrusions, intrusions exposed outside of mining areas, and 
high-grade core samples from oxidized and unoxidized zones. In the Target II pit, samples were 
collected along an 88 m transect, which included sedimentary host rock and an intrusion, on the 
5,170’ bench. Samples from this transect were taken 40, 20, 15, 10, and 5 meters outboard of the 
intrusion on both sides, in addition to samples on the margin and within the core of the intrusion, 
totaling 13 samples. Eighteen core samples, the majority of which are unoxidized, were chosen 
based on the probability of discovering gold-bearing minerals in order to describe mineralogy 
and paragenesis of ore-stage sulfides.  
 Whole-rock geochemical analyses of transect samples were performed to understand the 
chemical variation in host rocks with respect to proximity to an intrusion. Information from these 
analyses revealed the chemistry of the intrusions, and also elucidated the chemical and 
mineralogical impact of emplacement of the intrusions on the host rock. Additional intrusions on 
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the property were analyzed to compare chemistry with metalliferous intrusions genetically 
related to skarn and porphyry deposits in the district. Samples from drill core were analyzed to 
understand the chemical differences between oxidized and reduced rock to determine if oxidation 
has obscured any chemical signatures that may be indicative of a magmatic-hydrothermal 
environment. 
 All whole-rock geochemistry analyses were performed by Activation Laboratories, Inc. 
(Actlabs), at their main laboratory in Ancaster, Ontario, Canada. All samples were crushed until 
90% of the material was reduced to less than 2 mm sized fragments. Two hundred and fifty 
grams of the sample were then riffle split and pulverized using mild steel until 95% of material 
was finer than 105 µm. Clean sand was run between each of the samples to limit contamination 
during crushing and pulverizing.  
 Pulverized material was mixed with a flux of lithium metaborate and lithium tetraborate 
and fused in an induction furnace. The resulting bead was digested in a 5% nitric acid solution, 
and analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) and 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with a Thermo Jarrell-Ash ENVIRO 
II ICP, Varian Vista 735 ICP, Perkin Elmer Sciex ELAN 6000, 6100, or 9000 ICP/MS. All 
samples were analyzed by Instrumental Neuron Activation Analysis (INAA) to quantify gold and 
other elements not included in the standard whole-rock ICP package. For this process, a 30 g 
sample was irradiated in a polyethylene vial with a thermal neutron flux of 7x1012n cm-2s-1 and 
counted on a Ge detector.  Chalcophile elements (Ag, As, Bi, Co, Cu, Mo, Ni, Pb, Sb, Sn, W, 
and Zn) were analyzed quantitatively using a 1 g sample digested by aqua regia, diluted to 250 
ml volumetrically, and analyzed by either Varian Vista 735 or Thermo ICAP 6500 ICP. Oxides 
analyzed include Al2O3, CaO, Cr2O3, Fe2O3, K2O, MgO, MnO, Na2O, P2O5, SiO2, and TiO2, in 
addition to loss on ignition. A suite of 49 elements were analyzed in total: Ag, As, Au, Ba, Be, 
Bi, Br, Co, Cr, Cs, Cu, Ga, Ge, Hf, In, Ir, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sn, Sr, Ta, Th, Tl, U, 
V, W, Y, Zn, Zr, and rare earth elements La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
and Lu (Appendix D).  
 
1.7.4 Mineralogical and textural analysis 
 Samples chosen for mineralogical and textural analysis were selected on the basis of field 
relationships, hand sample observations (alteration, paragenetic relationships, sulfide 
! 17!
mineralogy), and results of whole-rock geochemical analyses. All thin sections were prepared at 
the Colorado School of Mines.  
 Initial petrographic observations of 57 thin sections were made on transmitted and 
reflected light microscopes, from which initial paragenetic information – primary and alteration 
mineralogy, as well as textures – were determined. From these observations, samples were 
selected for further mineralogical and textural analyses by scanning electron microscope (SEM) 
and electron microprobe (EMP).  
 Petrographic analysis was used to understand the mineralogical content of the rocks and 
the nature of minerals related to the introduction of gold and other events. Backscatter electron 
microscopy and energy dispersive spectroscopy enabled visualization of textures and chemical 
variations too subtle to be observed with standard optical microscopes. Information gathered 
from backscatter electron microscopy and energy dispersive spectroscopy was used to identify 
select grains that were further investigated by electron microprobe. The electron microprobe was 
necessary to identify the trace element content of sulfide minerals related to the introduction of 
gold and to understand micro-scale geochemical signatures. QEMSCAN analysis was used to 
identify extremely fine-grained minerals in the matrix of fault breccia and within oxidized 
sedimentary host rocks. QEMSCAN also provided textural insights that aid interpretation of 
paragenetic sequences. Mineral content, chemistry, and texture provide a basis for comparison to 
mineralization styles and characteristics of distal disseminated and Carlin-type deposits.  
 SEM analyses were conducted at the Department of Metallurgical and Materials 
Engineering at the Colorado School of Mines using a FEI QUANTA 600i environmental 
scanning electron microscope (ESEM) equipped with a PGT energy dispersive X-ray (EDX) 
spectrometer attachment. Back scatter electron images were collected at an accelerating voltage 
of 20kV, a 5 µm beam width, and a working distance of 9.7 to 10.3 mm. Samples were selected 
based on sulfide mineralogy and textures observed by reflected and transmitted light microscopy. 
The SEM assisted the targeting of fine-grained sulfide grains for subsequent EMP analysis by 
identifying arsenic-enriched pyrite zones, rare sulfide species, ore-stage paragenetic relationships, 
and the relationship between gold and base metal mineralization events.  
 Electron microprobe analyses were conducted at the USGS Microbeam Laboratory 
(Central Region Office, Denver, CO) using a JEOL 8900 electron microprobe to determine the 
trace element concentrations of various sulfide minerals and single sulfide species with different 
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grain morphologies. The accelerating voltage was 20 kV with a beam current of 50 nA and a 
focused beam. Elements analyzed include Ag, As, Au, Co, Cu, Fe, Hg, Ni, S, Sb, Sn, Tl, and Zn. 
The associated X-ray lines, analyzing crystals, detection limits, standard numbers, and standards 
are presented in Appendix D.  
 
1.7.5 U-Pb CA-TIMS geochronology 
 In order to precisely determine the age of emplacement of the intrusions most spatially 
related to gold ore, four samples were dated using U-Pb zircon geochronology. All of the 
samples are quartz monzonite porphyry dikes, three of which crosscut the sedimentary host rock 
package in the Basalt, Mackay, and Target II open pits. The fourth sample was collected 
approximately 400 meters to the northwest of the current Mackay pit, in an area that has been 
extensively drilled and is included in the future Mackay pit design.  
 High-resolution geochronologic analysis of intrusions provided regional context to 
intrusive bodies on the Marigold property, including the temporal relationships to intrusion-
related mineral deposits within the district.  The absolute age of emplacement of the intrusions is 
interpreted to bracket the maximum age of gold mineralization, and enabled refined 
interpretation of dates obtained from previous geochronologic studies. The U-Pb CA-TIMS 
(chemical abrasion thermal ionization mass spectrometry) dates presented here are the most 
precise for any intrusion in the Battle Mountain mining district, and are an important 
contribution to understanding the magmatic history of the region. 
 Zircon separation was conducted at the Colorado School of Mines Department of 
Geology and Geological Engineering mineral separation facility and the mineral separation 
facility at the Department of Geology, Boise State University. At the Colorado School of Mines, 
the samples MI-T2 and MI-BP were crushed with a RockLabs BOYD jaw crusher, which 
reduced 80% of the material to less than 2 mm in a single pass.  The <2 mm chips were then run 
through a Bico disk mill grinder and 250-micrometer sieve.  
 The finely milled samples were run over a WilfleyTM water table, which separated large 
and dense grains from abundant clay and other low-density grains, and collected in 8 containers. 
After running a complete sample on the WilfleyTM table, the contents of the collection container 
with the heaviest grains were rinsed with acetone and dried under a heat lamp. Due to the large 
amount of dust and residual material (such as zircon) produced during crushing, grinding, and 
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Wilfley separation, the laboratories and equipment were thoroughly cleaned prior to beginning 
the next sample to prevent contamination.  
 A handheld magnet was used to remove the most magnetic material (primarily steel 
shavings from crushing and grinding), so as not to disrupt the flow of material through the 
FrantzTM separator with a buildup of excess magnetic grains. The dried, high-density material 
was then run through a FrantzTM magnetic separator, which separates magnetic material from 
non-magnetic material, including zircon. Material was run through the FrantzTM separator 
multiple times, increasing the current after each run to a maximum of 1.8 amperes, to effectively 
remove increasingly less-magnetic material with each pass. 
 After FrantzTM magnetic separation, the remaining non-magnetic grains were poured into 
a lithium metatungstate heavy liquid solution with a density of ~2.95 g/cm3, which separated 
lower density grains, such as quartz (2.66 g/cm3; Anthony et al., 1995), from higher density 
grains, such as zircon (4.68 g/cm3; Nasdala et al., 2001). The grains with a density in excess of 
2.95 g/cm3 were collected from the bottom of the lithium metatungstate solution, rinsed with de-
ionized water, and inspected under magnification to ensure a reasonable zircon population had 
been separated. The high-density separate collected after lithium metatungstate separation was 
sent to Boise State University, where samples MI-5 and MI-MP were processed using similar 
techniques.  
 Zircons were sorted, picked, and mounted in epoxy at the Isotope Geology Laboratory at 
Boise State. The grain mounts, consisting of rows of zircon sorted by grain size, ranging from 
extra large to small, were polished until the centers of zircon grains were exposed. The grain 
mounts were then placed in a JEOL JSM-1300 scanning electron microscope fitted with a Gatan 
MiniCL for cathodoluminescence (CL) imaging, which enables visualization of growth zones in 
zircon.  
 Based on the CL images, a total of 212 laser ablation inductively coupled plasma mass 
spectrometry (LA-ICPMS) spots were chosen to characterize the chemistry and approximate 
dates recorded by individual zones in a selection of representative zircon grains, in an effort to 
locate the youngest grains or grain zones most amenable for dating by the CA-TIMS method 
(Appendix Table C-2). LA-ICPMS analysis was conducted using a ThermoElectron X-Series II 
quadrupole ICPMS and New Wave Research UP-213 Nd:YAG UV (213 nm) laser ablation 
system.  
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 High-precision U-Pb dates were obtained by the chemical abrasion isotope dilution 
thermal ionization mass spectrometry (CA-TIMS) method from analysis of single zircon grains 
(Appendix C). Zircon grains selected for dating based on LA-ICPMS results and CL images 
were removed from the epoxy mounts and subjected to a modified version of the chemical 
abrasion method of Mattinson (2005), reflecting analysis of single grains or fragments of grains. 
Some grains were broken into 2-3 fragments that were analyzed separately when limited zircon 
grains belonging to the youngest age group were available. Isotopic measurements of uranium 
and Pb separated from chemically abraded zircon crystals were measured on a GV Isoprobe-T 
multicollector thermal ionization mass spectrometer equipped with an ion-counting Daly detector. 
Weighted mean 206Pb/238U dates were calculated from equivalent dates using Isoplot 3.0 (Ludwig, 
2003). 
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The Battle Mountain-Eureka trend is a conspicuous lineament of ore deposits in north-
central Nevada that contain an estimated 90.4 million ounces of gold in sedimentary rock-hosted 
disseminated gold and polymetallic porphyry intrusion-related deposits (Theodore, 1998; 
Johnston et al., 2008; Berger et al., 2014; Davis and Muntean, 2014). Of the 90.4 million ounces 
of gold on the Battle Mountain-Eureka trend, approximately 82% is contained within 
sedimentary rock-hosted disseminated gold deposits (Theodore, 1998; Johnston et al., 2008; 
Berger et al., 2014; Davis and Muntean, 2014), some of which are spatially associated with 
igneous intrusions. In the Battle Mountain mining district, the link between many deposits 
classically described as distal disseminated (Lone Tree, Valmy, Trenton, North Peak, Buffalo 
Valley, Marigold) and genetically related intrusions is not well demonstrated (Langstaff, 2001; 
Johnston and Ressel, 2004). The most cogent evidence for distal disseminated gold in the Battle 
Mountain mining district is from Buffalo Valley, where Kizis et al. (1997) describe base and 
precious metal and alteration mineral zonation relative to a specific intrusion. The primary 
differences between distal disseminated Ag-Au and Carlin-type deposits are the Ag:Au ratios of 
mineralized rock, ore mineralogy, geochemical signature, and relationship to felsic hypabyssal 
intrusions.  
Marigold is the second largest sedimentary rock-hosted disseminated gold deposit in the 
Battle Mountain mining district, with 3.7 million mined ounces of gold at an average grade of 
0.67 g/t (Silver Standard Inc., 2014), Despite the economic significance of the deposit, many of 
Marigold’s characteristics, including ore mineralogy, geochemistry, and geochronology of 
igneous intrusions, were unknown or undocumented. New data presented in this study suggest 
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that the introduction of gold at Marigold was not related to the emplacement of the felsic 
intrusions exposed in the deposit area. In addition, the geochemistry, ore mineralogy, and Ag:Au 
ratios of gold mineralized rock are similar to many Carlin-type deposits. This study comprises 
thin section petrography, whole-rock and electron microprobe geochemistry, and U-Pb 
geochronology to understand better the gold mineralizing system. 
 
2.1 Regional Geology  
The Marigold mine is located approximately 55 km east-southeast of Winnemucca, 
Nevada on the northern end of the Battle Mountain-Eureka trend (Fig. 2.1).  Northern Nevada 
contains numerous Carlin-type and polymetallic base and precious metal deposits in five distinct 
mineral deposit trends that are responsible for most of the gold produced in the United States 
(Teal and Jackson, 2002; Price et al., 2011).  
 
Fig. 2.1. Location of the Marigold mine in north-central Nevada relative to Carlin-type deposits 
and main mineral trends. Modified after Wallace et al., 2004.  
 
The basement is composed largely of Paleozoic carbonate and clastic sedimentary rocks. 

























Nevada due to complex folding and thrusting related to compressional tectonics focused during 
the Devonian to Mississippian and Permian to Triassic. Extensional faulting commenced in the 
Eocene and continues through the present (Roberts, 1964; Christiansen and McKee, 1978; 
Dohrenwend and Moring, 1991). Extensional faulting commenced in the Eocene and continues 
through the present (Roberts, 1964; Christiansen and McKee, 1978; Dohrenwend and Moring, 
1991). In general, clastic rocks were emplaced over carbonate rocks along the Roberts Mountain 
and Golconda thrusts, forming an aquitard ideal for concentrating gold-bearing hydrothermal 
fluids (Cline et al., 2005; Emsbo et al., 2006). Although most large gold deposits in the region 
are hosted in the carbonate assemblage, the Marigold deposit is hosted in clastic rocks. The 
deposits at Marigold represent the largest known gold endowment of all sedimentary rock-hosted 
disseminated gold deposits in the upper plate of the Roberts Mountain thrust (Berger et al., 2014).   
 In northern Nevada, plutonic rocks, including stocks, dikes, and sills, intruded during 
three magmatic pulses: the late Jurassic (155-160 Ma), late Cretaceous (90-95 Ma), and Eocene 
(35-40 Ma; du Bray, 2007). In the Battle Mountain mining district, polymetallic deposits are 
related to late Cretaceous and Eocene stocks and dikes (Theodore, 1992; Doebrich and Theodore, 
1996; Theodore, 1998; Theodore, 2000). At the Marigold mine, intrusions of previously 
unknown age were emplaced within Paleozoic clastic sedimentary rocks belonging to the 
allochthonous assemblages of the Roberts Mountain and Havallah thrust plates, in addition to the 
autochthonous Antler Sequence situated between the two thrusts. The timing of depositional, 
tectonic, magmatic, and mineralization events in the Battle Mountain mining district are 
summarized in Figure 2.2. 
The Battle Mountain mining district comprises numerous Late Cretaceous and Eocene 
polymetallic intrusion-related deposits within and along the flanks of the Battle Mountain Range.!
The most notable intrusion-related deposits are located in the Copper Basin (Elder Creek, 
Buckingham) and Copper Canyon (Fortitude-Phoenix) mining areas on the eastern and southern 
flanks of the Battle Mountain Range, respectively. The northern flank of the Battle Mountain 
Range is truncated by the southwest striking, northwest dipping Oyarbide fault, one of the most 
prominent normal faults in the district. The hanging wall of the Oyarbide fault is offset 
approximately 700 m based on correlation of alluvium interbedded with Oligocene basaltic 
andesite on both sides of the fault (Roberts, 1964; Theodore, 2000). The Oyarbide fault 
physically separates the gold deposits at Marigold from the polymetallic deposits to the  
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Fig. 2.2. Summary of the depositional, tectonic, magmatic, and mineralization history of the 
Battle Mountain mining district. Modified after Cline et al. (2005). 
 
south (Fig. 2.3). Doebrich and Theodore (1996), Theodore (1998), and Theodore (2000) 
suggested that the gold deposits at Marigold represent the upper levels of porphyry copper and 
molybdenum mineralizing systems such as Trenton Canyon and the deposits at Copper Basin 
and Copper Canyon. Reconstruction of pre-Oyarbide architecture by reversing the sense of slip 
on the Oyarbide fault results in the deposits at Marigold shifting 700 m upwards vertically and 
350 meters to the south.  
 
2.2 Deposit Geology  
 The spatial distribution of tectonostratigraphic packages, structures, and distribution of 
gold mineralized rock were documented to provide basis for interpretation of geochemical and 
geochronologic data. 
 
2.2.1 Marigold Stratigraphy 
Three tectonostratigraphic assemblages are exposed in the Marigold mine area: 1) 
Ordovician eugeoclinal siliciclastic rocks of the Roberts Mountain thrust plate, 2) locally present 
autochthonous Mississippian-Permian shallow water rocks of the Antler overlap sequence, and 




Fig. 2.3. Map of the northern Battle Mountain mining district showing the gold deposits north of 
the Oyarbide fault. The majority of these deposits cumulatively define the Marigold mine. 




Fig. 2.4. General stratigraphic sequence in the Marigold mine area. Rocks below the Roberts 
Mountain thrust are inferred based on regional relationships. Modified after Teal and Jackson 
(2002). 
 
Although the lower plate of the Roberts Mountain thrust has not been identified at Marigold, the 
presence of carbonate rocks at depth is inferred based on regional tectonostratigraphic 
relationships and the presence of miogeosynclinal carbonate rocks that host gold at Turquoise 
Ridge to the north (Tosdal et al., 2003) and the Shoshone Range to the south (Roberts, 1964). 
Carbonaceous debris flows containing limestone clasts are recognized in deep drill core, but drill 
holes as deep as 730 meters have yet to encounter carbonate horizons of significant thickness at 
Marigold.  
Valmy Formation 
The Valmy Formation is the primary host to ore at Marigold (Fig. 2.5). At Marigold, the 
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sparse metabasalt, and lower sequences of calcareous mudstone, siltstone, volcaniclastic and 
siliciclastic debris flows, and metabasalt. It is the shallower, lateral facies equivalent to the 
carbonaceous, shale-rich Vinini Formation found further to the east in northern Nevada (Gilluly 
and Gates, 1965). The majority of the Valmy formation encountered during mining consists of 
massive, disjointed beds of black to buff colored quartzite with lenses of green-gray to buff 
interbedded argillite. Discontinuous folded blocks (1’s to 10’s of meters wide) are juxtaposed on 
one another by both high and low angle faults; single layers are typically not traceable for more 
than tens of meters. Deformation of the Valmy Formation is largely attributed to thrusting during 
the Antler orogeny with secondary influences from Mesozoic to Cenozoic tectonics and 
magmatism and an extensional tectonic regime operating from the mid-Tertiary through the 
present (Roberts 1964; Theodore 1998). The Valmy Formation at Marigold was transported at 
least 90 km eastward to its present position as part of the Roberts Mountain allochthon during the 
early Mississippian Antler orogeny (Evans and Theodore, 1978).  
Antler sequence 
The Mississippian-Permian Antler overlap sequence is a mixed conglomerate, limestone, 
sandstone, siltstone, and debris flow package that was unconformably deposited on top of the 
Valmy Formation. Rocks of the Antler sequence are relatively undeformed, despite their 
stratigraphic position between two major thrust plates. This has been cited as evidence that 
emplacement of the Golconda allochthon did not cause deformation of the underlying Valmy 
Formation (McGibbon, 2005).  
The Antler sequence consists of three formations: Battle, Antler Peak, and Edna 
Mountain. The Battle Formation is a maroon to brick red basal conglomerate, composed of 
subangular to rounded clasts of quartzite, chert, and argillite in a fine-grained sand-clay matrix. 
Clast size generally decreases in the younging direction although discreet successions of fining 
sequences are present that suggest multiple pulses of deposition. In fault zones, the conglomerate 
is bleached to light gray. The Battle conglomerate occurs locally throughout the Marigold 
property and is up to 130 m thick (McGibbon and Wallace, 2000).  
The Antler Peak Formation is a silty to sandy, calcareous limestone that was deposited 
disconformably on top of the basal conglomerate of the Battle Formation. Like the Battle 
Formation, the Antler Peak Formation is not laterally continuous in the Marigold mine area and 
is up to 65 meters thick (McGibbon and Wallace, 2000). Fossils from the basal section of the 
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Antler Peak Formation bracket its age between the Late Pennsylvanian and Early Permian 
(Roberts, 1964).  
 Poorly sorted basal debris flows and intercalated calcareous siltstones of the Edna 
Mountain Formation overlie the limestone of the Antler Peak Formation. The debris flows grade 
upwards into a phosphatic siltstone unit that contains as much as one percent P2O5 (Bloomstein et 
al., 2000; McGibbon, 2005). At Marigold, the Edna Mountain Formation is truncated by the 
Golconda thrust, precluding estimation of the original thickness of the formation at this location. 
The Edna Mountain Formation was at least 200 m thick prior to emplacement of the Golconda 
thrust plate during the Sonoma Orogeny (McGibbon, 2005).  
 
Fig. 2.5. Map of Marigold mining area showing location of deposits, quartz monzonite intrusions, 
and drill holes with samples further analyzed in this study. The large gray square denotes the 
location of the largest intrusive body (Moonshine intrusion). Modified after Theodore (1998).  
 
Havallah sequence 
 The Mississippian-Permian Havallah sequence formed in a deep-water basin that 
gradually shallowed during deposition and is age correlative with the Antler sequence (Roberts, 
1964). The Havallah sequence, which consists of the Pumpernickel and Havallah Formations, 
was transported eastward along the Golconda thrust during the Permo-Triassic Sonoma orogeny. 
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The basal contact of this thrust is clearly exposed at Marigold, where the dark brown chert of the 
Pumpernickel Formation truncate the light gray to buff siltstones of the Edna Mountain 
Formation. The lowermost rocks of the Havallah sequence are predominantly green-gray to 
brown siltstone, basalt, and chert. These rocks are exposed west of the deposits at Marigold, 
where large-scale open folds are evident in outcrop and road cuts throughout the Havallah Hills. 
The distinctive Jory Member of the Havallah Formation, a pebbly lime conglomerate, is well 
exposed to the southwest of the deposits at Marigold where it is a significant ridge-forming unit. 
The clasts within the Jory Member are typically rounded to subrounded and composed of 
quartzite and chert. The matrix is calcareous sand. Doebrich and Theodore (1996) interpret the 
Golconda thrust to be a major tectonostratigraphic control on gold mineralization, as rocks of the 
Havallah sequence are essentially devoid of gold on the Marigold property. The Havallah 
sequence is known to be a significant host at the nearby Lone Tree mine, Stonehouse deposit, 
and Buffalo Valley mine (Fig. 2.3; McGibbon, 2005). Minor amounts of malachite and 
chalcopyrite are present in chert of the Pumpernickel Formation west of Marigold.  
Intrusive Rocks 
Plagioclase-biotite-hornblende phyric quartz monzonite dikes and sills intrude rocks of 
the Valmy Formation, Antler sequence, and Havallah sequence and can be traced along strike for 
10’s to 100’s of meters. The intrusions are typically no wider than 10 m, although the largest 
intrusion on the Marigold property is approximately 400 m long by 200 m wide at the surface 
(Theodore, 2000). These intrusions have a spatial association with gold ore (Fig. 2.6), and have 
been identified in three open pits (Basalt, Target II, and Mackay; Fig 2.5). Collectively, the 
intrusions define a trend, the northward extension of which would pass through the Lone Tree 
mine to the western edge of the Getchell trend.  
Extrusive Rocks 
Basaltic andesite is present to the southwest of the Marigold mine area in the vicinity of 
Cottonwood Creek. Two whole-rock K-Ar dates of the olivine-augite phyric basaltic andesite 
yielded ages of 31.8 ± 0.8 and 31.4 ± 1.0 Ma (McKee, 2000). The outcrops of basaltic andesite 
are relatively small, and ~0.1 km2 total area is exposed at this locality. A 1 km2 outcrop of 
tholeiitic basalt is exposed further to the north at Treaty Hill and is Miocene in age (McKee, 
2000; Theodore, 2000).  An unmineralized, biotite-bearing rhyolite tuff is exposed in several 




Fig. 2.6. Plan view map of the 5320 level of the Target II pit showing preferential mineralization 
of the Antler Peak Formation relative to the rest of the Antler sequence. Rocks of the Antler 










Brown siltstone (Edna Mtn. Fm.)
Limestone (Antler Peak Fm.)
Conglomerate (Battle Fm.)



































overlies debris flows of the Edna Mountain Formation (Theodore, 2000; McGibbon and Wallace, 
2000). Elsewhere on the property, tuff layers are intercalated with Tertiary alluvium, but the ages 
of individual tuff layers in these units have not been dated. Potassium-argon dating of biotite 
from the tuff in the 8 South pit yielded an age of 22.9 ± 0.7 Ma (McKee, 2000), constraining the 
minimum age of gold mineralization. !
 
2.2.2 Marigold Structure 
The host rocks at Marigold record an extensive deformation history, including folding, 
faulting, thrusting, and extension, resulting from superimposed tectonic events from the 
Devonian through the present. Major gold-bearing north to northwest striking high-angle 
structures are thought to have formed during thrusting of the clastic assemblage over the 
carbonate assemblage during the Devonian-Mississippian Antler orogeny (McGibbon, 2005). A 
subset of north-northwest striking high-angle structures continue into the Antler sequence in the 
vicinity of the 8 South pit and likely formed by reactivation of structures formed during the 
Antler orogeny. Rocks of the Havallah sequence are not offset by these structures (McGibbon 
and Wallace, 2000), bracketing movement between the Mississippian and Permian.  
The surface of the Valmy Formation forms a subtle, elongate dome that is buried by 
progressively thicker alluvium to the north of Marigold. The geometry of the dome, which is 
inferred by modeling of the upper contact of the Valmy Formation from drill hole data, is 
significant because much of the gold mineralized rock within the Valmy Formation is coincident 
with this structure. 
 Significant offset is recorded across north-striking, steeply east-dipping normal faults on 
the Marigold property. Marker beds of rhyolite tuff (22.9 ± 0.7 Ma; McKee, 2000) and 
contemporaneously formed alluvium have been offset by up to 60 meters in the 8 South pit 
(McGibbon and Wallace, 2000), indicating that a set of north trending structures were active into 
the Miocene. Southwest-striking, northwest-dipping normal faults also offset beds of tuff and 
alluvium on the southern end of the property proximal to the Basalt pit (Fig 2.7).  
Gravity surveys of the Marigold mine area largely corroborate previous field 
interpretations of temporal relationships between major faults (Marigold, unpublished report). 
North-south oriented structures occur across the entire length of the Marigold property and are 
offset by faults parallel to subparallel to the normal Oyarbide fault. The N and SW oriented  
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Fig. 2.7. Normal faults offset Tertiary alluvium and tuffaceous beds in the vicinity of the Basalt 
pit. Select tuff layers and soil are highlighted for clarity. View is to the south-southwest.  
 
structures are continuous for at least 15 km to the north of the Oyarbide fault. Because the 
Oyarbide fault offsets post-mineralization tuff and alluvium, southwest striking faults are not 
thought to have been significant hydrothermal fluid conduits, nor are the intersections with older, 
N oriented structures.  
 
2.2.3. Marigold Ore Bodies 
An estimated 8.5 million ounces of minable gold is contained within oxidized rocks at 
Marigold. The rocks at Marigold are mineralized over a north oriented 7.5 x 1 km area (Fig. 2.8). 
The extent of gold mineralization is open at depth, but the refractory nature of material below 
depths of 170-490 meters is not amenable to extraction by heap-leach processes and is currently 
not economic to mine. The difference in gold grade between oxidized ore and unoxidized rock is 
negligible based on a data set of 15,527 samples.  
From south to north, current and historically mined deposits at Marigold are Basalt, 
Antler, Target II, Target I, Mackay, Terry, Old Marigold (underground), and 8 South. 
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Fig. 2.8. L: Gold grade-thickness and distribution in Antler sequence Rocks projected to the 
surface. R: Cumulative gold grade-thickness of Antler sequence and Valmy Formation Rocks 
projected to the surface. Overlain on topography with structure. Gray boxes are not part of the 
mine property.  
 
Mineralized rock is nearly continuous from Target II to the undeveloped 8 North deposit. 
Another gold occurrence, 5 North, is located approximately 2.5 km NNE of 8 North. Although 
the Valmy Formation is the primary gold host, the Antler sequence was also an important host in 
the Antler, Target II, Terry, and 8 South pits (McGibbon, 2005).  
Gold mineralized rock is largely confined to steeply dipping, north and northwest striking 
structures and their intersections in siliciclastic rocks of the Valmy Formation, which hosts 70% 
of the gold at Marigold. The remaining 30% of the gold is hosted in the Antler sequence. The 
Havallah sequence is generally unmineralized (Fig. 2.9). Where steeply dipping structures 
intersect favorable beds such as limestone and debris flows of the Edna Mountain Formation, the 
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area of gold mineralized rock deviates from the fault zone and extends laterally along bedding 
(Fig. 2.6). The ore bodies within the Valmy Formation crudely mimic the contour of the top of 
the formation. 
 
Fig. 2.9. Cross-section at 4509102 N looking to the north. Mineralized zones are derived from 
the block model, whereas alteration is inferred based on observations from drill core and chips. 
Gold is hosted in interbedded quartzite and argillite of the Valmy Formation and mixed chemical 
and clastic rocks of the Antler sequence. The Havallah sequence is typically unmineralized or 
weakly mineralized. Additional schematic cross-sections showing the distribution of gold are 
presented in Appendix A.  
 
2.3 Alteration styles and distribution  
The alteration styles at Marigold are documented to provide insight into processes that 
have modified the rocks before, during, and after gold mineralization. In addition, alteration 
associated with gold mineralization, such as argillization of quartz monzonite dikes, constrain the 
relative age of the mineralization event.  
Decarbonatization 
Despite the lack of significant carbonate horizons proximal to ore bodies, there is 
evidence of carbonate leaching at Marigold. Limestone clasts in muddy debris flows of the 
Valmy Formation were leached of carbonate minerals and replaced by quartz (Fig. 2.10 A). 
McGibbon (2005) documents the decarbonatization of silty limestone in the Antler sequence.  
Argillization   
Argillic alteration of host rocks is pronounced in mudstones, siltstones, and intrusive 
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analysis, is pronounced in the core of fault zones and matrix of breccias that are marked by 
increased rock friability. Argillized fault zones commonly grade into silicified rock. Argillic 
alteration is more extensively developed on the margins of the intrusions, where nearly all non-
quartz phenocrysts are destroyed and the intrusions are bleached to a white to buff color (Fig. 
2.10 B). Pervasive argillic alteration of the margins of the intrusions has rendered the rock 
extremely friable, and is associated with increased gold grade in ore zones.  
Silicification 
 Silicification accompanies decarbonatization. Mudstones and muddy debris flows 
adjacent to fault zones are pervasively silicified. Hydrothermal quartz veinlets are documented in 
drill core, locally developing breccia in areas of high vein density. On the surface, red-brown 
jasperoid and quartz matrix jasperoid breccia are extensively developed to the west in the 
Havallah Hills and also several kilometers north of the mine workings (Fig. 2.10 C). Limestone 
and siltstone of the Antler sequence are locally altered to jasperoid, including a small body of ore 
grade jasperoid in the area of the Antler pit (McGibbon, 2005). 
Sulfidation 
 Sulfidation is the most economically important alteration style at Marigold because gold 
is contained within pyrite below the base of oxidation. Sulfidation is evidenced by the increased 
development of pyrite in iron-rich pelitic clasts relative to quartzite and chert clasts in 
conglomerates. In quartz monzonite, sulfidation is manifested by pyrite pseudomorphs after 
amphibole. The characteristic 56°/124° cleavage of amphibole is preserved by the pyrite (Fig 
2.10 D).  
Propylitization 
 Primary mafic phases in quartz monzonite intrusions were replaced by a mineral suite 
characteristic of propylitic alteration, including chlorite, calcite, muscovite, and epidote. This 
mineral suite was not observed in sedimentary rocks. Propylitic alteration is characterized by the 
replacement of ferromagnesian minerals, including chloritization and sericitization of biotite and 
amphibole. Propylitic alteration of amphibole is accompanied by the development of chlorite, 
calcite, and epidote (Fig. 2.10 E). Chlorite ± muscovite ± calcite occur as pseudomorphs after 
euhedral to subhedral biotite. 
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Fig. 2.10. Representative alteration styles (A) Photograph of decarbonatized limestone clast 
partially replaced by pyrite and quartz in a carbonaceous debris flow of the Valmy Formation 
from drill hole 5031 at a depth of 1886.5 feet (B) Photograph of pervasive argillic alteration of 
the quartz monzonite intrusion in the Target II pit with iron oxide pseudomorphs after pyrite on 
upper surface (C) Photograph of the Havallah sequence altered to jasperoid breccia with milky 
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quartz matrix (D) Reflected light photomicrograph of pyrite replacement of amphibole in the 
Target II intrusion, which has preserved the original crystal cleavage (E) Cross-polarized 
transmitted light photomicrograph of propylitic alteration characterized by chlorite, muscovite, 
and epidote replacement of amphibole in the Target II intrusion. (F) Photograph of an oxidized 
debris flow of the Antler sequence with black, sooty carbon coating fracture surfaces.  
 
Organic Carbon  
Sooty black organic carbon coats the fracture surfaces of a volumetrically small 
proportion of rocks. Mobilized carbon is evident in rocks of the Antler sequence in the Target II 
pit and is primarily restricted to the Edna Mountain Formation (Fig. 2.10 F). On the southwestern 
pit wall a plume of mobilized carbon ascended upwards in the sequence and is cut by the Target 
II intrusion. The provenance of the organic carbon is unknown. Bituminous material is present in 
very small amounts in some unoxidized samples of Valmy quartzite. This material does not 
appear to have induced sulfide precipitation.  
Oxidation 
The most pervasive and apparent alteration style present at Marigold is oxidation. The 
sulfide and mafic mineral phases in all near-surface rocks at Marigold have been largely 
destroyed or modified by oxidation that extends to depths up to 490 meters. The depth of 
oxidation is estimated by the sulfur content of drill core and chip samples. Oxidation has resulted 
in the development of iron oxide minerals, including goethite and hematite, on fracture surfaces. 
Iron oxides are variably colored from deep purple to light yellow, but are most commonly orange 
and ubiquitous on nearly all fracture surfaces. The intensity of iron oxide staining is generally 
positively correlated to gold grade. 
Potassic 
Potassium-bearing minerals such as biotite, potassium feldspar, and muscovite were 
identified by QEMSCAN analysis of thin sections. These potassium-bearing minerals are 
typically very fine grained. Sample MC-1 is an oxidized argillite of the Valmy Formation that 
has a quartz and potassium feldspar groundmass and is cut by gold-bearing quartz veinlets (Fig. 
2.11). An extremely subtle biotite selvage was identified on these veinlets. The extent of potassic 
alteration at Marigold is unknown due to the inability to detect the fine-grained potassium-
bearing alteration minerals in hand sample. Potassium feldspar, muscovite, and biotite were also 
detected in the matrix of a breccia in sample MC-12 from diamond drill hole 5031 at a depth of 




Fig. 2.11. QEMSCAN images of sample MC-1 from diamond drill hole 5331 (711’). Native gold 
grains are associated with iron oxide in quartz veinlets with a selvage of biotite.  
 





















There are several significant differences in the mineralization styles between distal 
disseminated Ag-Au and Carlin-type Au deposits. These differences, such as Ag:Au ratio, base 
metal content, and mineralogy of gold-bearing phases are measurable and observable, making 
them ideal candidates for further investigation. 
Ag:Au ratio 
A geochemical database of drill hole samples containing > 0.2 ppm Au (n=423) was used 
to evaluate the chemical relationships between gold and other elements in gold-bearing rocks. 
Samples with gold concentrations over 0.2 ppm gold were used to minimize the effect of 
potential overprinting mineralization events that may have introduced smaller quantities of gold. 
The gold and silver concentration for all samples (Fig. 2.12 A) and drill hole 6008 (Fig. 2.12 B) 
are displayed along a depth profile and reveal no enrichment of Ag below the redox boundary, 
although the concentration of silver in rocks proximal to the redox boundary may be slightly 
elevated with respect to rocks more distal to the boundary. The average Ag:Au ratio of samples 
in this database is 0.33 (calculated by averaging the Au and Ag concentration of all samples, then 
dividing the average Ag concentration by the average Au concentration). Samples with 
undetected Ag were substituted with a value equal to of one-half the detection limit. The average 
Ag:Au ratio (calculated by averaging the Ag:Au ratio of individual samples) is 0.64, which 
indicates that samples with increased Ag also have decreased Au concentration relative to the 
average. Considerably fewer unoxidized samples are available for analysis; however, gold and 
silver concentrations do not significantly change below the redox boundary. Sulfur concentration 
determined by geochemical analyses of drill core samples is used as a proxy for estimating the 
redox boundary, a technique determined to be viable by Jackson (2010). The redox boundary at 
Marigold generally varies from ~550-1600 feet depth, with an average of 850 feet from 39 
drillholes. The boundary correlates with a 1,500-5,500 percent increase in sulfur content in the 
drill core samples from the reduced zone.  
Eighteen core samples, 14 of which are unoxidized, were selected for whole-rock 
geochemistry based on the presence of gold-bearing and base metal sulfides identified by 
petrography (Table 2.1). The sample set allowed for direct comparison between ore-grade 
oxidized rock and gold-bearing unoxidized material. Both oxidized and unoxidized samples have 
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low silver content relative to gold, and have similar Ag:Au ratios of 0.69 and 0.85, respectively,  
indicating silver was not leached during oxidation.  
 
Fig. 2.12. A: Depth versus Au and Ag content (ppm) and corresponding Ag:Au ratio of 423 drill 
hole samples. Samples with greater than 4.2 ppm Au (n=1) or Ag (n=3) are excluded from this 
graph. B: Gold and Ag concentration versus depth. Gold and Ag are commonly enriched in 
separate intervals. Note slight enrichment of Ag in the transition zone, and low Ag values in the 
reduced zone.  
 
2.4.1 Base Metal and Silver Mineralization 
 Base metal mineralization is characterized by a distinct association of minerals including 
chalcopyrite, tennantite, argentiferous tennantite (up to 2,322 ppm Ag), weakly auriferous pyrite 
(0-283 ppm Au, 83 ppm avg.), the sulfosalt gersdorffite (NiAsS), a stannite group mineral 




































































Au and Ag (ppm)
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Table 2.1: Select geochemistry of 18 core samples. Oxidized samples are denoted by an asterisk. 
 
 
metal sulfides are very fine and cannot be observed in hand sample. Thin section analysis reveals 
that these minerals occur in textural association with one another but separately from the main 
gold-associated minerals, suggesting that the base metal minerals formed as a distinct event. 
Geochemical analyses of drill core samples known to contain base metal sulfides through 
petrographic analyses suggest base metals are a trace constituent of the rocks at Marigold.  
The rare tin and nickel-bearing minerals distinguish this event from the main episode of 
gold mineralization. One subhedral stannite-group mineral grain, 11 microns across along the 
longest exposed axis, was documented in a thin section from diamond drill hole 4919 at a depth 
of 523.6 meters. This sample is a vuggy breccia of Valmy Formation, comprising angular clasts 
of metabasalt and mudstone in a quartz-carbonate matrix. Electron microprobe analysis of 
stannite (Appendix D, Table D-1) reveals an intermediate composition between the Fe, Zn, and 
Hg end-members stannite, kesterite, and velikite. The subhedral stannite grain is surrounded by 
chalcopyrite and tennantite, which is overgrown by pyrite in a sulfide clot approximately 300 
Ag As Au Ba Cu Mo Ni Pb Sb Sn Tl W Zn
Drill hole Depth (m) Sample ppm ppm ppb ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
4741 629 MC-16 < 0.5 981 < 2 62 < 10 < 2 < 20 < 5 18 < 1 < 0.1 < 1 < 30
4919 367 *MC-3 1.5 1840 2720 1635 100 10 60 24 59 2 4.3 5 160
4919 456 MC-15 0.8 91 173 516 20 < 2 20 < 5 4 < 1 < 0.1 1 < 30
4919 457 MC-18 < 0.5 83 727 27 < 10 < 2 < 20 < 5 2 < 1 0.2 2 < 30
4919 470 MC-14 < 0.5 17 20 48 < 10 < 2 < 20 < 5 1 < 1 < 0.1 1 < 30
4919 524 MC-13 < 0.5 317 412 11060 20 < 2 30 < 5 12 < 1 0.8 < 1 < 30
4919 526 MC-7 0.8 372 42 468 30 < 2 80 < 5 10 < 1 2.3 < 1 50
4919 527 MC-8 1.0 1560 483 837 40 < 2 70 < 5 9 < 1 2.0 < 1 50
4919 562 MC-9 0.8 19 22 204 < 10 < 2 < 20 < 5 2 < 1 0.5 < 1 < 30
4919 572 MC-10 0.6 183 1330 128 30 3 < 20 < 5 10 < 1 0.4 < 1 < 30
5031 471 MC-6 < 0.5 147 58 148 40 < 2 50 < 5 3 < 1 0.7 < 1 40
5031 471 MC-5 < 0.5 125 89 141 90 < 2 30 < 5 5 < 1 < 0.1 < 1 60
5031 472 MC-12 2.2 674 1480 298 30 4 30 6 41 1 6.5 3 50
5031 488 MC-17 < 0.5 384 453 257 20 < 2 < 20 < 5 17 < 1 0.6 < 1 < 30
5031 489 MC-11 0.7 386 3920 461 50 < 2 < 20 < 5 24 4 1.4 3 < 30
5331 211 *MC-4 0.6 263 113 216 10 < 2 < 20 < 5 9 < 1 < 0.1 < 1 < 30
5331 217 *MC-1 2.5 298 5420 424 20 < 2 < 20 6 12 2 1.5 5 < 30
5331 217 *MC-2 1.9 180 1160 1753 20 4 < 20 6 17 2 1.3 6 < 30
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microns wide. The formula of the mineral analyzed by electron microprobe is 
Cu1.91[Fe0.39Zn0.30Hg0.30]Sn0.93S4.18 based on the average of two analyses.!
 
Fig. 2.13. Images of base metal sulfides A-E: Reflected light images, F: cross polarized 
transmitted light image. A-B: Vuggy breccia with clasts of basalt and mudstone in a carbonate 
matrix (MC-13). C-D: Silicified mudstone and siltstone from a fault zone (MC-5) (A) Base 
metal sulfide clot with stannite (center) overgrown by chalcopyrite, tennantite, and weakly 

























chalcopyrite grains in oxidized rock (C) Relatively large chalcopyrite clot adjacent to pyrite (D) 
Sphalerite with chalcopyrite disease and minor As-rich pyrite (E-F) Galena and pyrite associated 
with calcite crosscutting the Mackay pit intrusion. Py:pyrite, tn:tennantite, dg:digenite, 
cpy:chalcopyrite, sph:sphalerite, As-py:arsenic enriched pyrite, gn:galena, chl:chlorite, 
cal:calcite.  
 
Gersdorffite, an uncommon sulfosalt, is present in several samples from a 1-meter 
interval of core from a fault zone in the Valmy Formation. A sample of heavily fractured, 
silicified siltstone on the margin of a fault zone contains a euhedral gersdorffite crystal 
approximately 27 microns wide. Anhedral gersdorffite is present in an argillically-altered sample 
from a fault zone at approximately 471 meters depth in diamond drill hole 5031. Gersdorffite is 
more abundant than stannite, but considerably less abundant than more common base metal 
bearing phases such as chalcopyrite and tennantite. The euhedral gersdorffite was not in contact 
with any other sulfide grains; however, the anhedral sample is intergrown with chalcopyrite, 
tennantite, and weakly auriferous pyrite (Fig 2.14 C). Electron microprobe analysis of the 
gersdorffite (Appendix D, Table D-1) indicates a small amount of cobalt substitution with minor 
copper and antimony.  
Tennantite is the primary silver-bearing phase at Marigold. Tennantite is closely 
associated with chalcopyrite and is commonly overgrown by weakly auriferous pyrite. Antimony, 
iron, zinc, and lesser amounts of mercury have substituted into the mineral. Tennantite associated 
with Hg-bearing stannite contains up to 4.6 weight percent mercury, and has the highest 
concentration of thallium (up to 1,940 ppm). Where intergrown with gersdorffite, tennantite 
contains a significantly lower concentration of thallium (average 176 ppm) and has a greater 
proportion of zinc substitution relative to mercury and iron.  
Pyrite associated with base metal sulfides contains an average of 83 ppm Au, with 
minimum and maximum gold values of 0 and 283 ppm, respectively. Silver was not detected in 
pyrite associated with base metal sulfides. Texturally, base metal associated pyrite has 
overgrown and partially replaced tennantite and sphalerite (Fig. 2.14 B, D). This generation of 
pyrite is typically massive and chemically distinct from other pyrite generations, containing a 
greater concentration of copper and zinc and an unusually limited range of arsenic values 
compared to pyrite with no base metal association. The average composition of base metal stage 




Fig. 2.14. (A-D) BSE images of base metal stage sulfides with select chemistry from electron 
microprobe analyses (A) Pyrite overgrown by chalcopyrite and tennantite (B) Base metal sulfide 
clot in Fig. 2.12 A. (C) Gersdorffite intergrown with chalcopyrite, tennantite, and weakly 
auriferous pyrite. (D) Sphalerite partially replaced by pyrite with minor tennantite. 
 
One grain of galena was observed in a thin section of the Mackay intrusion in association 
with pyrite in a carbonate vein (Fig 2.13 E, F). Pyrite is also associated with very fine-grained 
chalcopyrite and sphalerite in the Mackay intrusion. Cross-cutting relationships indicate that 
galena-bearing carbonate veins were introduced after crystallization of the intrusion. Fine-
grained chalcopyrite grains in sphalerite (chalcopyrite disease) are rare but noted to occur in 
samples slightly enriched in base metals (Fig. 2.13 B). Base metal sulfide clots are typically less 
than 50 µm in diameter and constitute a very small percentage of the rock. Chalcopyrite is 













































Table 2.2. Average composition of base metal stage sulfides, including base metal stage pyrite 
(8 analyses), tennantite (9 analyses), stannite (2 analyses), chalcopyrite (1 analysis), and 
gersdorffite (3 analyses). Total weight percent of gersdorffite analyses exceeds 110 percent may 
be due to use of the Ni La X-ray. 
 
A sample of chert with copper carbonate minerals on fracture surfaces from the Havallah 
sequence was analyzed to determine the chemical associations of secondary copper minerals. 
Copper minerals have not been visually documented anywhere else in the Marigold mining area. 
In hand sample, the rock is coated with acicular to massive malachite crystals. In thin section, 
quartz veins are associated with acicular and botryoidal malachite, calcite, and goethite, with rare, 
very fine-grained disseminated chalcopyrite and chalcopyrite encapsulated in quartz. Some of the 
chalcopyrite is rimmed by digenite. The rock contains 1.66% Cu, is slightly elevated in Zn (70 
ppm), Ni (140 ppm), Co (127 ppm), Cr (90 ppm), Mo (6 ppm) and Ag (1.5 ppm), has very little 
Au (.018 ppm) and As (19 ppm), and undetectable Pb. The source of the elements enriched in 
this sample is unknown, but the chemical associations are unlike those of gold ore. The small 
area of Cu mineralized rock suggests it is not significant to the overall gold mineralizing system 
at Marigold.  
 
2.4.2 Gold Mineralization!
In oxidized rock, iron-oxide pseudomorphs after pyrite preserve fuzzy pyrite overgrowths 
in Valmy quartzite and Battle conglomerate (Fig. 2.15). These pseudomorphs after pyrite are the 
only evidence direct evidence of sulfide minerals existing in these rocks prior to oxidation. In the 
Valmy quartzite, iron oxide pseudomorphs after pyrite with fuzzy overgrowths are contained 
within quartz veinlets. In the Battle conglomerate, iron oxide pseudomorphs after pyrite are 
disseminated in the matrix. Only a small percentage of iron oxide pseudomorphs after pyrite 
Ag As Au Co Cu Fe Hg Ni S Sb Sn Tl Zn Total
Base Metal Stage Pyrite
0.00 2.31 0.01 0.00 0.70 45.10 0.00 0.03 51.66 0.04 0.00 0.13 0.03 100.06
Tennantite
0.04 16.44 0.00 0.03 39.55 3.85 1.77 0.00 28.30 3.89 0.02 0.07 3.89 97.86
Stannite
0.00 0.00 0.00 0.00 26.24 4.69 12.87 0.00 29.06 0.00 23.82 0.02 4.24 100.98
Chalcopyrite
0.00 0.00 0.00 0.00 33.01 29.42 0.00 0.00 34.76 0.00 0.00 0.00 0.00 97.23
Gersdorffite
0.00 46.00 0.00 2.40 0.84 0.52 0.01 43.44 19.12 0.16 0.00 0.00 0.07 112.58
Element Concentration (weight percent)
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observed in oxidized rock are overgrown by fuzzy rims. Samples of Valmy quartzite 
immediately below the redox boundary contain disseminated sulfides and sulfide veinlets, 
including gold-bearing overgrowths on pyrite. Iron oxide pseudomorphs after pyrite on fracture 
surfaces above the redox boundary indicate that oxidation of sulfide veinlets contributed to the 
development of auriferous iron oxide coated fractures. 
 
Fig. 2.15. (A) Reflected light image of iron oxide pseudomorphs after pyrite and fuzzy pyrite 
overgrowth in Valmy quartzite from the Target II pit. (B) Reflected light image of iron oxide 
pseudomorphs after pyrite and fuzzy overgrowth in Battle Conglomerate from the Target II pit.  
 
Gold is present as 10 µm or smaller native gold blebs in quartz veinlets and within holes 
in oxidized samples (Fig. 2.16). Sample MC-1 (Fig. 2.5, Table 2.1) was the only sample where 
native gold was observed petrographically. The gold grains are rounded and irregularly shaped. 
The native gold particles range from 97.4 to 99.3 weight percent Au and 0.7 to 2.6 weight 
percent Fe. No other elements (As, Sb, Ag, S, Cu, Ni, Co, Sn, Zn, Hg, Tl) were detected by 
electron microprobe (Appendix D, Table D-2). No sulfides or pseudomorphs after sulfides were 
observed in the gold-bearing quartz veins or host rock; however, iron oxide is coincident with the 
quartz veinlets.  
The only economically significant gold-bearing sulfide phase is pyrite. In unoxidized 
rock, gold occurs within arsenic-bearing pyrite overgrowths on gold-poor, arsenic-poor (GPAP) 
pyrite grains. No native gold was observed in unoxidized rock. The As-bearing pyrite 
overgrowths on GPAP and gold-poor, arsenic-rich (GPAR) pyrite grains are typically less than 5 
microns in width and contain an average of 559 ppm Au based on ten analyses, with maximum 
















Figure 2.16. BSE images of quartz veinlets with native gold grains within argillite of the Valmy 
Formation. Native gold grains are high fineness (974-993 fine, or 23.4-23.8 karat). Note pitted 
texture.  
 
681 ppm Ag (Johnston, 2000), the gold-bearing pyrites analyzed from Marigold do not contain 
detectable Ag (Appendix D, Table D-2).  GPAP pyrite grains incorporate arsenic along grain 
margins, along fractures and on void margins (Fig. 2.17). This arsenic enrichment is typically 
only visible in extremely high contrast images, particularly when pyrite grains lack a pronounced 
overgrowth.  
GPAP pyrite typically occurs as discrete euhedral or framboidal grains. Pyrite 
overgrowths encapsulate framboidal pyrite in one sample, confirming the formation of 
framboidal pyrite prior to gold mineralization.  GPAP pyrite grains may be partially dissolved 





















Fig. 2.17. (A-D) Low and high contrast BSE images of GPAP pyrite grains showing As 
enrichment along holes and progressive As enrichment towards the outer rim of the pyrite 
overgrowth.  
  
Gold-bearing pyrite overgrowths are elevated in As, Cu, and Sb relative to GPAP pyrite. GPAR 
pyrite also contains elevated Sb relative to GPAP pyrite, but does not contain Cu or Au (Fig. 
2.18 D).    
A population of pyrite containing between 11 and 27 atomic percent arsenic and 
undetectable gold was identified by electron microprobe. These pyrites do not plot within the 
arsenopyrite compositional domain of the Fe-As-S system (Fig. 2.19), but are herein referred to 
as GPAR (gold-poor, arsenic-rich) pyrite for the sake of distinguishing between pyrite containing 
greater than 0 but less than 11 atomic percent arsenic (± Au). No true arsenopyrite was identified 
in Marigold samples. Precipitation of gold-bearing pyrite was contemporaneous with GPAR  
50 µm 50 µm














Fig. 2.18. (A-C) Backscatter electron images with locations of select electron microprobe 
analyses (Appendix D, Table D-2). (A) As-enriched pyrite overgrowths on gold-poor pyrite. 
Arsenic-enriched pyrite is intergrown with pyrite, has replaced pyrite, and overgrown pyrite. (B) 
Unusual 2-stage pyrite overgrowth with initial As-poor rim followed by As-rich rim. (C) Pyrite 
and As-enriched, Au-poor pyrite has replaced and overgrown the rim of GPAP pyrite. (D) 
Geochemistry along transect in (C).  
 
pyrite precipitation. Gold-enriched pyrite and GPAR pyrite overgrow and partially replace GPAP 
pyrite; however, GPAR pyrite is also intergrown with As-poor pyrite and overgrown by Au-
bearing pyrite. GPAR pyrite also occurs as subhedral to euhedral overgrowths on pre-gold pyrite 
and Au-bearing pyrite related to the gold mineralization event. The average composition of gold 
stage sulfide minerals determined by electron microprobe is presented in Table 2.3.  
A single grain of stibnite was identified by X-ray spectroscopy and SEM analysis, even 
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approximately 2 µm long and is not in contact with any other sulfide minerals. This stibnite grain 
occurs adjacent to a pyrite grain that has a slight arsenic- and gold-enriched grain margin. 
 
 
Fig. 2.19. Ternary diagram of the Fe-As-S system showing the composition of natural 
arsenopyrite from multiple localities analyzed by Kretschmar and Scott (1976; black circles) 
within the arsenopyrite compositional domain (black box). Open circles represent the 
composition of the most arsenic enriched (GPAR) pyrite from Marigold, which have 
intermediate compositions between end member pyrite and arsenopyrite. po: pyrrhotite, py: 
pyrite, lo: lollingite.  
 
Table 2.3. Average composition of gold stage minerals, including native gold (3 analyses), gold-
bearing pyrite (10 analyses), gold-poor arsenic-rich pyrite (5 analyses), and potentially pre-
























Marigold samples Kretschmar and Scott (1976)
lo20
Ag As Au Co Cu Fe Hg Ni S Sb Sn Tl Zn Total
Native Gold
0.00 0.00 99.95 0.00 0.00 1.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 101.33
Main Stage Pyrite
0.00 4.08 0.06 0.00 0.18 43.71 0.00 0.16 49.84 0.10 0.00 0.12 0.00 98.27
GPAR Pyrite
0.00 32.08 0.00 0.00 0.03 37.26 0.00 0.17 29.97 0.06 0.00 0.11 0.00 99.71
GPAP Pyrite
0.00 0.05 0.00 0.00 0.01 46.19 0.00 0.09 53.45 0.00 0.00 0.15 0.00 100.06
Element Concentration (weight percent)
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Despite a lack of textural evidence indicating stibnite precipitated during the gold mineralization 
event, intervals of drill core that contain stibnite also contain gold, which reflects the correlation 
between antimony and gold in geochemical analyses (Fig. 2.20). Realgar and orpiment are 
common in gold deposits in northern Nevada, but have not been documented on the Marigold 
property.  
 
Fig. 2.20. Concentration of Au and Sb in drill core samples demonstrating positive correlation. 
 
2.4.3 Paragenesis 
Two stages of mineralization were identified based on spatial, mineralogical, and 
geochemical relationships. Paragenetic relationships of minerals precipitated during these two 
stages of mineralization are based on textural relationships observed in thin section. Uncertainty 
in the paragenetic interpretation is denoted by an eroteme. The base metal stage initially 
precipitated base metals including Sn, Ni, and Cu, followed by precipitation of minor amounts of 
Au and Ag (Fig. 2.21).  
The majority of the gold at Marigold is contained within As-enriched pyrite that is not 
associated with base metal sulfides. Arsenic-enriched pyrite formed during this gold stage is 
typically only associated with a limited suite of sulfide minerals including pyrite, GPAR pyrite, 
and stibnite (Fig. 2.22). The timing relationship between the introduction of native gold and 
gold-bearing sulfides is not well understood.   
Although the sulfide suite related to the introduction of gold is limited, the gangue 

























































Fig. 2.21. Paragenesis of sulfides introduced during the base metal event. The rare tin and nickel-
bearing sulfides are among the first to precipitate, followed by more common sulfide phases 
including silver and gold-bearing sulfides.  
 
 
Fig. 2.22. Paragenesis of minerals introduced during the gold event. Native gold was not 
observed in association with sulfides. The incorporation of stibnite into the gold event is based 






























potentially biotite (Fig. 2.23). Many of these minerals are not reliable indicators of gold content 
because they are thought to have formed exclusively during the gold mineralization event.  
!
Fig. 2.23. Paragenesis of gangue minerals developed during pre-ore events, early base metal 
stage mineralization, gold stage mineralization, and post-ore events including oxidation.  
 
2.4.4 Geochemical Comparison of Mineralization and Alteration Styles 
A subset of 205 whole-rock ICP-MS analyses was explored to evaluate additional 
geochemical relationships (Fig. 2.24). This subset was created by removing outliers from the 423 
sample set used to investigate the Ag:Au ratio. The most profound implication of this analysis 
was the lack of correlation between Au and base metals, and the lack of correlation between 
elements associated with base metals and Au. Nickel and Cu show a positive correlation with K, 
Mn, and Na, whereas Au does not. In addition, Au is not well correlated either with Ni or Cu. 
Seven analyses of GPAP pyrite grains overgrown by gold-stage pyrite detected gold 
(Appendix D, Table D-3), but only one of these analyses also contained detectable arsenic. One 
analysis of a GPAP grain contained 101 ppm Ag and was the only analysis to detect Ag in pyrite 
of any stage. This analysis did not contain detectable Cu or As. GPAP pyrite grains have similar 























Fig. 2.24. Correlation diagrams showing relationship between Au, Ni, and Cu and K, Mn, and 
Na. The latter three elements are typically enriched in distal disseminated deposits (Albino, 
1993; Bloomstein et al., 2000; Peters et al., 2004) but do not show a positive relationship with 
gold. The correlation between base metals such as Ni and Cu and K, Mn, and Na is an order of 
magnitude greater than the correlation between Au and K, Mn, and Na.  
  
copper, antimony, zinc, and mercury. In northern Nevada, unmineralized and unaltered Valmy 
Formation is enriched in gold relative to the crustal average (20 ppb vs. 2 ppb; Young-Mitchell 
and Titley, 2000). Compared to gold stage pyrite, GPAP pyrite is depleted in arsenic, copper, 
antimony, gold, and mercury. Base metal stage, gold stage, and GPAP pyrite all have similar 
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Fig 2.25. Average weight percent of elements analyzed by electron microprobe in GPAP (black, 
n=30), base metal stage (dark gray, n=8), and gold stage (light gray, n=10) pyrite. Base metal 
stage is elevated in copper and zinc, but depleted in nickel, antimony, gold, and mercury relative 
to gold stage pyrite.  
 
Gold stage pyrite has increased gold, antimony, and mercury relative to base metal stage 
pyrite. The analyses with the highest gold content contain between 3-7 weight percent arsenic 
(Fig. 2.26). When compared to gold stage pyrite, the range of Au and As content of base metal 
stage pyrite is significantly restricted, forming a well-defined field that can be used to identify 
the stage of formation for individual pyrite grains in future work. Similar to base metal stage 
pyrite, GPAP pyrite plots in a low Au, low As domain that does not exceed 200 ppm Au or ~1.1 
weight percent As.  
All of the gold-stage pyrite analyzed by electron microprobe plots within the solid 
solution field of the mole percent Au vs. mole percent As plot of Reich et al. (2005; Fig. 2.27). A 
GPAP pyrite analysis plots on the line of gold solubility. Above this line, gold is present as 
native nanoparticles (Au0) in pyrite, and in solid solution (Au+1) below. Both base metal stage 
and gold stage pyrite plot below this line. Base metal stage pyrites are confined to a relatively 


























Fig. 2.26. (A) Gold (ppm) vs. As (wt%) of pyrite showing the As content of Au-bearing pyrite 
(light gray) clustered between 3-4.5 wt% As. GPAP pyrite (black) contains very minor amounts 
of arsenic and generally low gold values. Base metal related pyrite (dark gray) has a restricted 
range of arsenic values and generally low gold. (B) Copper vs. As (mol%) for gold stage pyrite 
(light gray), base metal associated pyrite (dark gray), GPAP pyrite (black). Gold stage pyrite has 
a consistent and limited range of copper values ranging from 0 to 0.22 mol% Cu, whereas Cu 




Fig. 2.27. Au vs. As (mol%) of pyrite relative to the line to Au solubility. Modified from Reich 





























2.4.5 Comparison of Alteration and Mineralization Styles Among Host Rock Types 
Alteration associated with gold mineralization helps constrain the relative age of the gold 
mineralization event. By examining the relationship between mineralization and alteration of 
quartz monzonite intrusions, important information regarding the genetic relationship between 
felsic magmatism and gold mineralization is obtained.  
The altered intrusions at Marigold plot in the granodiorite and quartz monzonite field in 
the total alkalis versus silica diagram of Le Maitre (2002), and are compared to other intrusions 
in the Battle Mountain mining district in Figure 2.28. The least-altered intrusive sample was 
obtained from the Moonshine intrusion (Fig. 2.5) and plots in the quartz monzonite field. Two of 
the Target II intrusion samples and the Moonshine intrusion sample plot in the monzonite field in 
the Zr/TiO2 vs Nb/Y classification diagram. The most altered sample from the Target II 
intrusion plots in the granodiorite field. Increasing alteration intensity corresponds to decreasing 
total alkalis, resulting in altered samples plotting in the granodiorite field.  
 
Fig. 2.28. Whole-rock geochemical classification diagrams Left: Plutonic equivalent of total 
alkalis versus silica classification diagram modified after Le Maitre (2002) and Gross (2014). 
Composition of select intrusions from nearby deposits from Roberts (1964), Loucks and Johnson 
(1992), and McKee (2000). Right: Zr/TiO2 versus Nb/Y diagram with samples plotting in the 
monzonite and granodiorite compositional fields. Altered samples plot into the granodiorite field 
due to slightly increased Y values and relatively constant Nb values associated with increasing 
alteration intensity.  
 
Whole-rock geochemical analyses of the most and least altered samples, determined by 
visual and petrographic observations, of a specific formation or intrusion were plotted on isocon 

















































































Fig. 2.29. Isocon diagrams plotting whole-rock geochemistry of the most altered samples against 
least altered samples for individual rock types collected as part of this study. The immobility 
isocon is the best-fit line through the typically immobile elements Al (Al2O3), Ti (TiO2), and Zr 
for A, B, C, and E; and Al (Al2O3) and Zr for D.   Elements that plot above the immobility 
isocon (best fit line through the typically immobile elements Al (Al2O3), Ti (TiO2), and Zr) are 
enriched in the altered rock. Altered samples are consistently enriched in Au and As relative to 
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intrusion, elevated gold in the most altered sample is accompanied by increased concentrations 
of As, Sb, W, Co, Nd, and Cs, whereas MnO, Na2O, CaO, MgO, Sr, and Ba are depleted (Fig. 
2.29 A). Altered samples of the Mackay intrusion are considerably less altered than samples 
from the Target II intrusion, which is reflected by only slight enrichment of Ba and As, and 
minor depletion of MgO and Na2O (Fig. 2.29 C). Both samples of the Basalt pit intrusion were 
pervasively altered, but the most altered sample is marked by increased amounts of Au, As, and 
Sb (Fig. 2.29 E). Major oxides are relatively unchanged due to pervasive destruction of primary 
igneous phases in all samples. Barium is the only element considerably depleted in the most 
altered Basalt pit intrusion sample relative to the least altered sample. Alteration of the Battle 
Formation conglomerate of the Antler sequence coincides with the addition of Au, As, Sb, Ba, W, 
Co, Sr, Nd, and MnO, and depletion of U, Cs, and Rb (Fig. 2.29 B). Altered quartzite of the 
Valmy Formation is enriched in nearly all elements and major oxides analyzed (Fig. 2.29 D).  
Samples were collected along an 88 m transect in the Target II pit to understand the 
distribution of gold, silver, and base metals relative to an intrusion. Samples included quartzite 
and argillite of the Valmy Formation, a quartz monzonite dike, and conglomerate of the Battle 
Formation. The margin of the intrusion in contact with the Battle Formation is gold-bearing and 
is near the intersection of a low angle fault associated with bleaching and argillic alteration of the 
conglomerate. The sample of the Valmy Formation furthest from the intrusion is a fault rock 
composed of dark gray to black angular clasts of Valmy quartzite in a matrix of ground quartzite 
fragments and clay. These samples were collected on the 5,170’ bench 40, 20, 15, 10, and 5 
meters outboard of the intrusion on both sides, in addition to on the margins and within the core 
of the intrusion (Fig. 2.30; Fig. 2.31).  
Results indicate that gold is enriched in the host rocks adjacent to the intrusion in the 
Valmy and Battle Formations (Fig. 2.31 B). Gold is closely associated with arsenic and antimony, 
and gold grades are higher in the Battle Formation than the Valmy Formation. Samples of the 
intrusion, including the core and margins, are elevated in Sn, Cu, Pb, Zn, W, and Ag with respect 
to the host rocks except where the sedimentary rock is cut by a low angle fault at sample +20 m 
(Fig. 2.31 C). Lead, W, and Zn are particularly elevated in the intrusion relative to the 
sedimentary rocks and were not detected in several sedimentary rock samples. Whereas Au, As, 
and Sb are also enriched in the vicinity of the low angle fault zone, the concentrations of these 





Fig. 2.30. Location of the geochemical transect in the southeast wall on the 5170 level of the 
Target II pit. There are five samples of the Valmy Formation, five samples of the Battle 
Formation, and three samples of the intrusion (core and two margins). The core of the intrusion 
was sampled on the 5200’ bench. 
Contour interval: 10’0’ 500’Legend
Quartz monzonite
Brown siltstone (Edna Mtn. Fm.)
Limestone (Antler Peak Fm.)
Conglomerate (Battle Fm.)



































Fig. 2.31. Major oxide (A) and trace element concentrations (B and C) along the transect across 
the Valmy Formation, quartz monzonite intrusion, and Battle Formation. Samples from fault 
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the low angle fault and the intrusion was not exposed at the time of sampling. These results 
suggest that the low angle fault predates base and precious metal mineralization at Marigold. 
During a follow up site investigation, the dike was determined to be younger than the low angle 
fault based on cross-cutting relationships, confirming the inference made based on geochemical 
data.  
The structural control on gold mineralization is also evident in drill core (Fig. 2.32). Gold 
is largely confined to structures and other areas of high permeability. Arsenic and antimony 
concentrations are elevated in fault zones with increased gold content with respect to 
unmineralized rock. Barium, Ag, Cu, Pb, and Zn are elevated in some gold-bearing structures, 
but commonly occur outside of gold mineralized areas. Gold mineralized rock typically contains 
greater concentrations of gold than silver.  
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Fig. 2.32. Geochemistry along a select interval of the 5031 drill hole (Fig. 2.4) showing a strong 
structural influence on gold mineralized zones and the concentration of Au, As, and Sb relative 
to Ag and Cu in these zones. The gold-bearing zones are highlighted in gray.  
 
2.5 U-Pb Geochronology  
 U-Pb zircon dates were obtained to define the absolute age of emplacement of quartz 
monzonite intrusions spatially related to gold ore, thereby providing a maximum age of gold 
mineralization. Zircon grains were separated from four altered quartz monzonite intrusions using 
standard crushing, grinding, and concentrating techniques. Single grains were analyzed by 
chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-TIMS) at the 
Isotope Geology Laboratory at Boise State University using a method modified from Mattinson 
(2005). The results of these analyses are presented in Table 2.4. Weighted mean 206Pb/238U age 
determinations were calculated using Isoplot 3.0 (Ludwig, 2003), and are presented at the 
2σ confidence interval. Consideration of blank and common lead, tracer solution, and counting 
statistics contribute to the internal error of the weighted mean average, which is based on 
analytical uncertainty only. Dates of weighted mean averages are given in the format: Age ± 
internal error/uncertainty in tracer calibration/uncertainty in 238U decay constant.  
Zircon grains separated from sample MI-T2 (intrusion in Target II pit; Fig. 2.5) have the 
greatest variation in grain size and morphology of the four intrusions examined in this study 
(Appendix C, Fig. C1-C4). All grain sizes show resorption textures, complex compositional 
banding and zoning. The large grains are fragmented, considerably more equant than prismatic, 
and constitute a population of inherited Jurassic zircon sourced from higher temperature and 
more mafic magmas. The smaller zircon populations are increasingly euhedral and prismatic, and 
yield younger ages. There is no consistent core to rim cathodoluminescent (CL) signature 
between the zircon grains. Seven samples, including two whole zircon grains and five fragments 
from two additional grains, were analyzed by CA-TIMS. The igneous crystallization age was 
determined from 2 fragments of a single zircon grain, which yield a 206Pb/238U weighted mean 
average age of 97.63 ± 0.05/0.07/0.12 Ma (MSWD=2.4, probability of fit=0.12). Four of the 
other analyses yield slightly older ages ranging from 97.94 ± 0.10 to 99.29 ± 0.07 Ma, whereas 
the age of the remaining grain was determined to be significantly older. 
Zircons from sample MI-BP (intrusion in Basalt pit; Fig. 2.5) show significantly less 
variation in morphology than in sample MI-T2. The majority of zircon grains are euhedral and  
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Table 2.4. Isotopic composition of zircon grain and grain fragments analyzed by CA-TIMS. 
Samples in bold are included in the weighted mean average ages.   
 
 
prismatic, and tend to have an overall dark CL signature. Smaller, more equant grains show 
evidence of resorption and have distinct CL white cores. These grains are inherited and record 
206Pb/238U ages older than 1 billion years. Seven zircon grains from MI-BP were analyzed. An 
igneous crystallization age of 96.59 ± 0.04/0.06/0.12 Ma (MSWD=2.6, probability of fit=0.08 
was determined from a weighted mean of the three youngest dates. Dates yielded from three 
other grains ranged from 96.70 ± 0.07 to 96.93 ± 0.07 Ma, whereas the other grain was 
considerably older.  
Table 1. U-Pb isotopic data.
Th 206Pb* mol % Pb* Pbc 206Pb 208Pb 207Pb 207Pb 206Pb corr. 207Pb 207Pb 206Pb
Sample U x10
-13 mol 206Pb* Pbc
(pg) 204Pb 206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ± 235U ± 238U ± 
(a) (b) (c) (c) (c) (c) (d) (e) (e) (f) (e) (f) (e) (f) (g) (f) (g) (f) (g) (f)
MAR-INT-BP
z1 0.150 1.2217 99.78% 125 0.22 8307 0.048 0.048006 0.118 0.100038 0.172 0.015114 0.070 0.862 99.55 2.78 96.81 0.16 96.70 0.07
z2 0.142 0.7210 99.65% 77 0.21 5105 0.046 0.047914 0.159 0.099783 0.211 0.015104 0.072 0.806 95.00 3.75 96.58 0.19 96.64 0.07
z3 0.250 0.4161 99.53% 59 0.16 3836 0.080 0.047910 0.229 0.099736 0.279 0.015098 0.079 0.716 94.85 5.42 96.53 0.26 96.60 0.08
z4 0.172 3.7738 99.92% 355 0.25 22878 0.055 0.071675 0.089 0.244486 0.175 0.024739 0.122 0.880 976.73 1.81 222.09 0.35 157.54 0.19
z5 0.203 2.9251 99.87% 215 0.31 14049 0.065 0.047997 0.081 0.100150 0.144 0.015133 0.071 0.934 99.14 1.93 96.91 0.13 96.82 0.07
z6 0.226 1.1792 99.80% 138 0.20 8992 0.072 0.048080 0.107 0.100437 0.164 0.015150 0.071 0.878 103.23 2.54 97.18 0.15 96.93 0.07
z7 0.585 0.4101 99.16% 36 0.29 2145 0.187 0.048040 0.332 0.099924 0.380 0.015086 0.080 0.677 101.22 7.84 96.71 0.35 96.52 0.08
MAR-INT-MP
z1a 0.105 0.5818 99.61% 68 0.19 4599 0.033 0.047925 0.171 0.098493 0.222 0.014905 0.071 0.795 95.58 4.06 95.38 0.20 95.38 0.07
z1b 0.075 1.6405 99.86% 192 0.19 13054 0.024 0.047960 0.088 0.099767 0.149 0.015087 0.069 0.928 97.30 2.08 96.56 0.14 96.53 0.07
z2a 0.121 0.9809 99.80% 136 0.16 9142 0.039 0.047906 0.127 0.096438 0.181 0.014600 0.071 0.847 94.61 3.00 93.48 0.16 93.44 0.07
z2b 0.122 1.1477 99.66% 80 0.32 5367 0.039 0.047921 0.136 0.096574 0.189 0.014616 0.071 0.837 95.38 3.21 93.61 0.17 93.54 0.07
z3 0.443 1.2128 99.78% 137 0.22 8384 0.142 0.047888 0.118 0.095592 0.173 0.014478 0.070 0.861 93.72 2.78 92.70 0.15 92.66 0.06
z4 0.321 3.0436 99.91% 335 0.22 21158 0.103 0.047911 0.076 0.095612 0.138 0.014474 0.070 0.942 94.88 1.80 92.72 0.12 92.63 0.06
z5 0.601 0.4750 99.55% 68 0.18 4022 0.192 0.047922 0.209 0.095562 0.265 0.014463 0.093 0.713 95.44 4.94 92.67 0.23 92.56 0.09
z6 0.345 2.0871 99.84% 182 0.27 11443 0.110 0.047895 0.085 0.095588 0.146 0.014475 0.070 0.933 94.07 2.00 92.70 0.13 92.64 0.06
MAR-INT-5
z1a 0.210 0.3097 99.46% 51 0.14 3339 0.067 0.047888 0.256 0.095123 0.307 0.014406 0.074 0.747 93.76 6.06 92.26 0.27 92.21 0.07
z1b 0.391 0.8817 99.79% 140 0.15 8680 0.125 0.047842 0.119 0.095053 0.173 0.014410 0.071 0.846 91.45 2.82 92.20 0.15 92.23 0.06
z2 0.273 0.3241 99.42% 48 0.16 3111 0.087 0.047933 0.261 0.097535 0.310 0.014758 0.075 0.719 95.95 6.19 94.50 0.28 94.44 0.07
z3 0.277 0.1248 97.96% 14 0.22 883 0.089 0.047113 1.005 0.093877 1.072 0.014451 0.108 0.650 54.98 23.97 91.11 0.93 92.49 0.10
z4 0.441 0.9099 99.81% 157 0.14 9618 0.141 0.048017 0.110 0.095916 0.167 0.014488 0.070 0.880 100.09 2.61 93.00 0.15 92.72 0.06
z5 0.352 2.2297 99.76% 121 0.44 7604 0.113 0.047991 0.099 0.095717 0.155 0.014465 0.069 0.892 98.83 2.34 92.82 0.14 92.58 0.06
z6 0.476 1.1904 99.75% 121 0.24 7313 0.152 0.047937 0.133 0.095778 0.186 0.014491 0.072 0.829 96.17 3.14 92.87 0.17 92.74 0.07
z7 0.391 0.8239 99.78% 132 0.15 8209 0.125 0.047933 0.127 0.095657 0.181 0.014474 0.070 0.849 95.95 3.00 92.76 0.16 92.64 0.06
MAR-INT-T2
z1a 0.076 2.9469 99.92% 340 0.19 23031 0.024 0.048008 0.077 0.101054 0.139 0.015266 0.069 0.947 99.68 1.82 97.75 0.13 97.67 0.07
z1b 0.087 2.0744 99.88% 219 0.21 14839 0.028 0.047992 0.114 0.100943 0.164 0.015255 0.072 0.807 98.88 2.70 97.65 0.15 97.60 0.07
z2 0.088 0.8632 99.74% 101 0.19 6816 0.028 0.048092 0.158 0.101509 0.206 0.015308 0.073 0.756 103.82 3.74 98.17 0.19 97.94 0.07
z3 0.078 1.0694 99.78% 121 0.20 8197 0.025 0.048090 0.133 0.102919 0.185 0.015522 0.070 0.828 103.68 3.14 99.47 0.18 99.29 0.07
z4a 0.154 0.8144 99.63% 73 0.25 4833 0.049 0.048094 0.160 0.101877 0.213 0.015363 0.074 0.805 103.91 3.77 98.51 0.20 98.28 0.07
z4b 0.116 0.7864 99.72% 96 0.18 6414 0.037 0.053703 0.120 0.148794 0.176 0.020095 0.069 0.880 358.62 2.70 140.85 0.23 128.26 0.09
z4c 0.130 0.6314 99.50% 54 0.26 3618 0.042 0.047980 0.193 0.101759 0.244 0.015382 0.072 0.775 98.30 4.57 98.40 0.23 98.40 0.07
(a) z1, z2, etc. are labels for analyses composed of single zircon grains that were annealed and chemically abraded (Mattinson, 2005). 
     Labels with same numbers (e.g., z1a, z1b) denote fragments from the same grain. Labels in bold denote analyses used in weighted mean calculations.
(b) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U date.
(c) Pb* and Pbc are radiogenic and common Pb, respectively. mol % 206Pb* is with respect to radiogenic and blank Pb.
(d) Measured ratio corrected for spike and fractionation only. Fractionation correction is 0.16 ± 0.03 (1 sigma) %/amu (atomic mass unit) for single-collector
     Daly analyses, based on analysis of EARTHTIME 202Pb-205Pb tracer solution.
(e) Corrected for fractionation, spike, common Pb, and initial disequilibrium in 230Th/238U. Common Pb is assigned to procedural blank with composition of 
     206Pb/204Pb = 18.04 ± 0.61%; 207Pb/204Pb = 15.54 ± 0.52%; 208Pb/204Pb = 37.69 ± 0.63% (1 sigma). 206Pb/238U and 207Pb/206Pb ratios corrected for initial disequilibrium 
     in 230Th/238U using Th/U [magma] = 3.0 ± 0.3 (1 sigma).
(f) Errors are 2 sigma, propagated using algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).
(g) Calculations based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb dates corrected for initial disequilibrium in 230Th/238U using Th/U [magma] = 3.0 ± 0.3 (1 sigma).
Isotopic AgesRadiogenic Isotope Ratios
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Zircons separated from sample MI-MP (intrusion in Mackay pit; Fig. 2.5) are generally 
euhedral and prismatic, but contain euhedral grain fragments. A small population of subhedral 
grains has resorbed cores and was not analyzed by CA-TIMS. Eight CA-TIMS dates were 
obtained from four whole zircon grains and two grains broken into two pieces and analyzed 
separately. Four dates are interpreted to represent the age of magmatic crystallization, with a 
weighted mean average of 92.63 ± 0.03/0.06/0.11 Ma (MSWD=1.1, probability of fit=0.35). One 
of the grains split into two pieces yielded slightly older, but age equivalent, dates of 93.44 ± 0.07 
and 93.54 ± 0.07 Ma. The remaining grains yielded older dates of 95.38±0.07 and 96.53 ± 0.07 
Ma.  
Zircons separated from MI-5 (intrusion immediately NW of Mackay pit; Fig. 2.5) appear 
very similar to zircons from MI-MP in terms of size, shape, and CL signature. The zircons are 
generally euhedral and prismatic. Grains with darker CL signatures show more variation in 
zoning and compositional banding. Seven zircon grains were analyzed by CA-TIMS, one of 
which was broken into two fragments and analyzed separately. The two youngest dates were 
from the two grain fragments; the whole zircon grains yielded slightly older ages. The weighted 
mean average of the two grain fragments is 92.22 ± 0.05/0.07/0.12 Ma (MSWD=0.2, probability 
of fit=0.65) and represents the magmatic crystallization age. The whole zircon grains yielded 
slightly older dates ranging from 92.49 ± 0.10 to 94.44 ± 0.07 Ma. The ages of the four 
intrusions dated by CA-TIMS are shown in Figure 2.33. 
The four intrusions included in this study crystallized in the late Cretaceous, from 97.63 ± 
0.05 Ma to 92.22 ± 0.05, a period of magmatism spanning approximately 5.4 million years. The 
two oldest intrusions, T2 and BP, were emplaced approximately 1 million years apart whereas 
the two youngest intrusions, MI-MP and MI-5, were emplaced approximately 400 kyrs apart. 
The temporal gaps between dike emplacement are well outside the range of error for the four 
weighted mean average ages (Fig. 2.34).  
 
2.6 Discussion 
 The previous classification of the gold deposits at Marigold was largely based on 
inferences and hypotheses that were the result of both incomplete data sets and a more limited 
understanding of sedimentary rock-hosted disseminated gold deposits at the time. Data presented 
in this work suggest the gold deposits at Marigold are more similar to deposits described as  
! 71!
 
Fig. 2.33. Wetherill U-Pb concordia diagram for CA-TIMS analyses of zircon grains from four 
quartz monzonite intrusions spatially related to gold ore.  
 
 
Fig. 2.34. Ranked U-Pb date plot from CA-TIMS analysis of zircon. Errors are 2 sigma. Gray 











0.094 0.095 0.096 0.097 0.098 
Concordia Age = 92.655 ±0.090 Ma 
(2 , decay-const. errs included) 
MSWD (of concordance) = 0.60, 












0.098 0.099 0.100 0.101 0.102 
Concordia Age = 96.57 ±0.24 Ma 
(95% confidence, decay-const. errs included) 
MSWD (of concordance) = 0.49, 











0.099 0.100 0.101 0.102 0.103 
Concordia Age = 97.65 ±0.10 Ma 
(2 , decay-const. errs included) 
MSWD (of concordance) = 0.38, 









0.093 0.094 0.095 0.096 0.097 
Concordia Age = 92.21 ±0.10 Ma 
(2 , decay-const. errs included) 
MSWD (of concordance) = 0.080, 
Probability (of concordance) = 0.78 
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Carlin-type. This classification is favored due to mineral associations that are more similar to 
Carlin-type deposits, the apparent lack of genetic association between quartz monzonite 
intrusions and the introduction of gold, lack of element or mineral zonation that would suggest 
the presence of a porphyry stock, and lack of geochemical relationships typical of distal 
disseminated Ag-Au deposits, including low base metal content and a low Ag:Au ratio in gold-
bearing rocks. 
!
2.6.1 Magmatism in the Battle Mountain mining district 
 A large population of inherited zircon grains record ages in the Jurassic suggesting that 
Jurassic plutonic rocks exist at depth, increasing the known spatial extent of Jurassic magmatism 
in northern Nevada. Prior to this discovery, the nearest known occurrences of Jurassic age 
igneous rocks were at Buffalo Mountain and in the Cortez Mountains (Neff, 1973; du Bray, 
2007). The ages of the inherited zircons are temporally coincident with emplacement of the 
Buffalo Mountain pluton, Goldstrike pluton, and Richmond stock, whereas primary magmatic 
zircons indicate that quartz monzonite dike emplacement at Marigold was coincident with the 
formation of porphyry Mo-Cu deposits such as Buckingham in the Battle Mountain district, as 
well as emplacement of the Osgood stock adjacent to Turquoise Ridge, Twin Creeks, and 
Getchell (Fig. 2.35; Theodore, 1992; Hall et al., 2000; Ressel and Henry, 2006). Eocene-age 
intrusive rocks were not identified at Marigold but are present elsewhere in the district, including 
Buckingham, Elder Creek, and Phoenix (Keeler, 2010; King, 2011; Farmer, 2013). Repeated 
magmatic episodes in the Jurassic, Cretaceous, and Eocene suggest that the Battle Mountain 
mining district resides proximal to a structure penetrating to considerable depths. Apatite fission 
track ages from Marigold (Robert Wood, unpublished data; Appendix Table C-3) are also 
included in the graph, and show a significant population of apatite grains that record Eocene and 
younger ages. Four apatite grains were not reset in the Eocene, and record older, Cretaceous ages.  
After conclusion of analytical work, an additional intrusion was identified in drill core. 
Based on examination of hand samples, the composition of this intrusion appears to be 
ultrapotassic or pervasively potassically altered. Further work should include dating of this 
intrusion with 40Ar-39Ar thermochronology, whole-rock geochemistry, and petrography to 





Fig. 2.35. Composite geochronologic history of the Marigold mine area recorded by magmatic 
zircon grains (this study) and apatite fission tracks in host rocks relative to emplacement of select 
regional igneous bodies. The frequency of intrusions in northern Nevada is plotted on the left 
based on data from du Bray (2007).  
 
2.6.2 Alteration  
Relative to the carbonate packages that host many gold deposits in northern Nevada, 
alteration is not as apparent at Marigold due to the chemically inert nature of the majority of 
Marigold host rocks. However, Carlin-style alteration characteristics are observed at Marigold in 
Antler sequence rocks, including preferential gold mineralization and decarbonatization of silty 
limestone beds. The timing of these processes is not entirely understood with respect to gold 
mineralization. The development of alteration minerals such as quartz, kaolinite, calcite, and 
barite during base metal and gold stage mineralization complicates the temporal understanding of 
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In Carlin-type deposits, the temporal and spatial association of jasperoid to gold 
mineralization and gold mineralized zones is highly variable (Hofstra and Cline, 2000). At 
Marigold, jasperoid is not necessarily coincident with gold mineralized rock. Although jasperoid 
likely reflects areas of high fluid flux, the fluids were not necessarily auriferous.  
A significant amount of carbonate veins (± barite) are present within and outside of the 
Marigold mine area. These carbonate veins may contain gold, although it is possible that gold 
was scavenged by the carbonaceous fluids after the introduction of gold. Native gold is contained 
within calcite on the Getchell trend (Groff et al., 1997) and in calcite veins in the Screamer zone 
of the Betze-Post deposit (Ye et al., 2002). The provenance of the vein-forming carbonates is 
unknown, but may be from altered feldspar in basalt subcroppings in the Basalt and Antler pit 
area (McGibbon, 2005), from overlying limestone of the Antler Peak Formation, or from 
hydrothermal fluids that scavenged carbonate from a more distal source.  
Altered quartz monzonite intrusions plot in the granodiorite field of the Na2O + K2O 
versus Si and Zr/TiO2 versus Nb/Y plots due to destruction of primary phases such as amphibole, 
biotite, and feldspar. This general trend is also true for felsic rocks of the Getchell trend (Ten 
Brink, 2002), and may be used to estimate the degree of alteration and thus potential proximity to 
areas of high fluid flow. At Marigold, mineralized zones host the most thoroughly altered 
intrusions. As a result, geochemical analyses of intrusions may be a means of rapid target 
identification. 
Isocon diagrams suggest that iron was not significantly added to the host rocks, indicating 
that sulfidation was important to the formation of pyrite. As gold is contained within pyrite in 
unoxidized material, it follows that some of the iron oxide and gold in oxidized ore is due to 
destruction of auriferous pyrite grains. The localization of iron oxide to fracture surfaces is likely 
due to oxidation of pyrite veinlets. The consistent gold grade above and below the redox 
boundary further supports this theory. Geochemical analysis of samples above and below the 
redox boundary indicate that Ag was not leached during oxidation, and the Ag:Au ratio of ores at 
Marigold are representative of hypogene ore fluids.  
Native gold-bearing quartz veins and potassic alteration have been reported to the north 
at Lone Tree (Kamali, 1996; Panhorst, 1996) and may be related to the same mineralizing system 
responsible for auriferous quartz veinlets and related biotite selvage at Marigold. The majority of 
potassic alteration, which is common in porphyry deposits (Creasey, 1966; Ludington et al., 
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2009; Sillitoe, 2010), is likely related to the early base metal stage mineralization as Cu is 
positively correlated to potassium.  
 
2.6.3 Base metal mineralization 
 A unique assemblage of base metal sulfides, including chalcopyrite, tennantite, pyrite, 
sphalerite, ± stannite, ± gersdorffite is present in unoxidized fault zones in at least two samples at 
depths greater than 450 m. These base metal-bearing sulfides may be associated with the 
emplacement of quartz monzonite magmas in the late Cretaceous at ~92 Ma, based on the 
youngest intrusion ages at Marigold.  
 Stannite typically forms in hydrothermal tin-bearing vein deposits in association with 
chalcopyrite, sphalerite, tetrahedrite, arsenopyrite, pyrite, cassiterite, and wolframite (Anthony et 
al., 1990), and is a common ore mineral in porphyry-related tin and tungsten deposits in Bolivia 
(Sillitoe et al., 1975; Guilbert and Park, 1986). In the Battle Mountain mining district, anomalous 
tin values are reported in rock samples near the Little Giant mine, proximal to the late 
Cretaceous Buckingham stockwork molybdenum deposit that contains an estimated 1,000,000 
tons of molybdenum (Roberts, 1965; Loucks and Johnson, 1992). There are no known tin 
deposits in the Battle Mountain mining district; however, stannite is associated with sphalerite, 
pyrite, chalcopyrite, and arsenopyrite in the hypogene polymetallic vein ore at the Cove mine in 
the McCoy district (Kuyper et al., 1991; Johnston, 2000; Johnston et al., 2008). Stannite is also 
documented at the California Mountain and Marlboro deposits in the Jerritt Canyon mining 
district (Peters et al., 2003), the Archimedes, Ratto Canyon, and Windfall deposits in the Eureka 
mining district (Cline et al., 2005), and deposits of the Bald Mountain mining district (Hitchborn 
et al., 1996; Nutt and Hofstra, 2007).  
Gersdorffite is documented in the Betze-Post/Goldstrike, Pinson and Gold Quarry Carlin-
type deposits (Jensen et al., 1995; Ferdock, 1997; Berger et al., 2014), in the Cove and Elder 
Creek polymetallic deposits (Kuyper et al., 1991; Johnston et al., 2008; King, 2011), and in the 
gold deposit at Lone Tree (Ferdock et al., 2004). The source of nickel in gersdorffite is unknown, 
but it is possible nickel was scavenged from basalt in the Paleozoic sedimentary sequence at 
depth. At Elder Creek, approximately 6.5 km ESE of the Basalt pit at Marigold, gersdorffite is 
associated with calcic alteration (actinolite-hornblende, diopside, quartz, labradorite) and the 
sulfides pyrrhotite, chalcopyrite, sphalerite, pentlandite, and nickeline (King, 2011). At Elder 
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Creek, the source of nickel is also unknown but enriched proximal to mafic dikes in the center 
and southern part of the deposit (King, 2011).  
Introduction of base metals is accompanied by anomalous silver incorporated into the 
mineral tennantite. Silver-bearing tetrahedrite (var. freibergite), chalcopyrite, sphalerite, 
arsenopyrite, and possibly the Sn-bearing phase cassiterite are related to a late Cretaceous quartz 
monzonite stock at the Buckingham porphyry molybdenum deposit (Loucks and Johnson, 1992; 
Theodore, 2000). Silver and base metals do not commonly occur in gold-bearing zones at 
Marigold, suggesting that most of the Ag at Marigold is not related to the gold mineralization 
event. As a result, the Ag:Au ratio of the gold stage mineralization event must be lower than 
indicated by geochemical analyses due to the inevitable incorporation of base metal stage Ag in 
some samples.  
Gold is present within the core of base metal stage pyrite, in contrast to gold stage 
mineralization where gold is only elevated on the rims of pyrite grains. The amount of base 
metal sulfides present in the rocks at Marigold is very low suggesting the system that formed 
base metal sulfides was not significantly enriched in base metals. Circulation of base metal-
bearing hydrothermal fluids likely contributed to the argillic alteration of host rocks; however, 
the relative effects of alteration cannot be determined for the individual mineralization events. 
Ar-Ar dating of sericite that has replaced biotite in the Target II intrusion indicates that alteration 
of the intrusion occurred at approximately 91.6 ± 0.2 Ma and 88.3 ± 0.2 Ma (Marigold, 
unpublished data), and may be related to the emplacement of the younger Mackay and 5 
intrusions (92.63 ± 0.03 and 92.22 ± 0.05 Ma, respectively). Base metal mineralization adjacent 
to Twin Creeks and Getchell is associated with igneous activity that spanned from ~98-92 Ma in 
the Osgood Mountains. There, base metal veins occur within zones of sericitic alteration that was 
dated to ~92 Ma by K/Ar methods (Groff et al., 1997). A base metal mineralization event also 
occurred prior to the gold precipitation event at the nearby Lone Tree mine (Bloomstein et al., 
2000), and may be related to the potassic alteration observed there.  
!
2.6.4 Gold mineralization 
The hydrothermal fluid related to gold mineralization was enriched in As but did not 
precipitate As-bearing sulfides such as realgar and orpiment. Depletion of As in the 
hydrothermal fluid during precipitation of gold-poor, arsenic-rich pyrite may explain the lack of 
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arsenic sulfide minerals. Realgar and orpiment are thought to have precipitated during the mid-
to-late stages of Carlin-type gold mineralization at many deposits (Cline et al., 2005). The gold-
bearing hydrothermal fluid must have been reduced sufficiently prior to cooling below ~220° C. 
If the oxygen fugacity were higher at cooler temperatures, phases such as native sulfur, realgar, 
and orpiment are expected to precipitate (Heinrich and Eadington, 1986). 
The argillaceous “dirty” carbonates that host most large Carlin-type deposits contained 
significant concentrations of ferrous iron that was sulfidized by gold-bearing hydrothermal fluids. 
Desulfidation of hydrothermal fluids results in decreased gold solubility as the amount of sulfur 
available to form the ligand of gold bisulfide complexes is decreased (Hofstra et al., 1991; 
Fortuna et al., 2003; Kesler et al., 2003). Unlike typical Carlin-type deposits, the Marigold 
deposits are hosted in relatively unreactive, siliciclastic rocks of the Valmy Formation in the 
upper plate of the Roberts Mountain thrust that likely contain insufficient concentrations of 
ferrous iron to precipitate high concentrations of gold (Hofstra and Cline, 2000).  
An abundance of gold is contained within As-enriched pyrite overgrowths that are 
chemically and texturally consistent with gold stage pyrite in Carlin-type deposits (Arehart et al., 
1993; Fleet and Mumin, 1997; Simon et al., 1999; Cline et al., 2005; Reich et al., 2005; Large et 
al., 2009). Partially dissolved pre-ore pyrite grains may also be important gold hosts even though 
the gold is not concentrated on a single overgrowth, but rather precipitated on a multitude of 
individual rims of voids throughout each grain. Gold mineralization at Marigold occurred after 
precipitation of base metal sulfides, overprinting a potentially late Cretaceous mineralizing event. 
Early base metal mineralization events were also overprinted by gold mineralization at Meikle 
and Rodeo (Bettles, 2002).  
Native gold is present in 60% of Carlin-type deposits (Berger et al., 2014) and is 
associated with silicification and jasperoid development in the Jerritt Canyon district (Hofstra et 
al., 1991), late ore-stage drusy quartz and quartz veinlets at Meikle (Emsbo et al., 2003); quartz 
veinlets at Twin Creeks (Groff et al., 1997; Hofstra and Cline, 2000); and quartz veins at Tonkin 
Springs that are estimated to contain 25% of the gold in the deposit (Espell and Rich, 1991). The 
presence of native gold at Marigold may be a function of host rock permeability, where fluids 
migrated through fractures due to the absence of interstitial space resulting from 
decarbonatization of carbonate rocks. 
!
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 2.6.5 Controls on gold mineralization 
 Gold-bearing, high angle structures are thought to have initially formed in the Devonian 
to Mississippian during transport and deformation of the Roberts Mountain allochthon, and 
potentially reactivated during the Antler orogeny (McGibbon, 2005). Deformation during 
transport of the Roberts Mountain allochthon potentially resulted in a bowing of the surface of 
the Valmy Formation, which has had an apparent effect on the localization of gold-bearing 
hydrothermal fluids.  
The difference in alteration intensity between host rock types suggests a primary 
chemical control on precipitation of As-enriched gold-bearing pyrite. In chemically reactive 
rocks of the Antler sequence, gold precipitation was induced by sulfidation of iron in the host 
rocks, resulting in disseminated gold-bearing pyrite. In the Valmy Formation, precipitation of 
gold was most likely not controlled by a chemical process, but rather driven by pressure and 
temperature related solubility of gold. 
There is a fundamental difference in mineralization styles between carbonate rocks of the 
miogeosyncline and siliciclastic rocks of the eugeosyncline. In silicious rocks of the Roberts 
Mountain allochthon (chert, quartzite, argillite, greenstone), native gold occurs within micro-
fractures and within quartz veinlets in oxidized rocks as documented by Madrid and Roberts 
(1991) in the northern Shoshone Range. The same relationships appear to be true in siliciclastic 
rocks within the Battle Mountain district. The high recoverability of gold without crushing or 
further processing supports the observations made here that the gold in the Valmy Formation 
predominantly occurs on fracture surfaces, and the intensity of iron oxide staining may be 
directly related to the concentration of hypogene pyrite veinlets prior to oxidation.  
!
2.6.6 Comparison to distal disseminated deposits 
 Ore-stage minerals in distal-disseminated deposits include native gold, native silver, 
electrum, argentite, silver sulfosalts, tetrahedrite, stibnite, galena, sphalerite, chalcopyrite, pyrite, 
marcasite, arsenopyrite, ± stannite, ± canfieldite (Cox and Singer, 1990). Native silver, electrum, 
argentite, and silver sulfosalts are not present at Marigold, and base metal sulfides are the result 
of a base metal mineralization event unrelated to the introduction of the majority of gold.  
In Carlin-type deposits, K, Mn, and Na are typically unchanged or depleted in the host 
rocks, whereas these elements are enriched in distal disseminated deposits (Albino, 1993; 
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Bloomstein et al., 2000; Peters et al., 2004). This work has demonstrated that gold does not have 
a consistent relationship with MnO and K2O, and is associated with the depletion of Na2O, 
suggesting there is no enrichment of Mn, K and Na during the gold mineralization event. Base 
metals such as Cu and Ni, which are unrelated to the gold mineralization event, have a positive 
relationship with Mn, K, and Na. Although slight potassium enrichment during introduction of 
gold is recognized, the majority of potassium is likely related to base metal mineralization.  
The residence of Marigold within a district that primarily consists of porphyry and 
polymetallic deposits is poor evidence that the gold deposits at Marigold are related to a 
magmatic-hydothermal system. Langstaff (2001) referred to the lack of spatial association 
between gold deposits and deposits related to Cretaceous and Eocene stocks, such as at Copper 
Canyon in the Battle Mountain mining district. The northern-most deposits at Marigold are 
approximately 22 km from the skarn deposits at Fortitude-Phoenix, and approximately 7 km and 
10 km from the nearest porphyry systems at Converse and Elder Creek. For comparison, the 
Jeronimo distal disseminated gold deposit is 4.3 km from the El Hueso porphyry system in the 
Potrerillos district, Chile (Gale, 1999), the Purisima Concepcion distal disseminated gold deposit 
is within hundreds of meters of base metal replacement bodies that are adjacent to a porphyry 
stock in the Yauricocha district, Peru (Alvarez and Noble, 1988), and the gold deposits at Melco 
and Barneys Canyon are 6 and 7.5 km, respectively, from the porphyry deposit at Bingham 
Canyon, Utah (Cunningham, 2004). The Candelaria, NV distal disseminated deposit is proximal 
to dacite dikes genetically related to Ag-Au mineralization (Thomson et al., 1995) but distal to 
the inferred source pluton.  
The Ag:Au ratio of <1:1 in gold-mineralized rock at Marigold suggests that silver was 
not a major constituent in the gold stage hydrothermal fluids. Previous workers (Doebrich and 
Theodore, 1996; Theodore, 1998; Theodore, 2000) attributed the low concentration of Ag at 
Marigold to leaching during protracted oxidation beginning in the Tertiary. Data examined in 
this study showed no increase in silver content in unoxidized rock, thus, the low Ag:Au ratio at 
Marigold is a primary hypogene deposit characteristic. In addition, Ag grade increases by 
weathering and supergene enrichment processes have not been documented in porphyry copper 
deposits (John et al., 2010), which suggests that Ag is not mobile in a weathering environment, 
but may form in situ secondary minerals such as cholorargyrite (Cox, 1992). The Ag:Au ratio of 
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gold-bearing rocks at Marigold is consistent with Carlin-type deposits, and the base metal + 
silver content of the rocks at Marigold was not previously underestimated.  
The last line of evidence previously used to ascribe the deposits at Marigold to a distal 
disseminated environment is based on sulfur isotope values. Sulfur isotope values of 
hydrothermal barite in veins at Marigold were interpreted to have a significant magmatic 
component (Howe and Theodore, 1993; Howe et al., 1995; Doebrich and Theodore, 1996; 
Theodore, 1998; Theodore, 2000). Although barium concentrations are elevated throughout the 
property, barite was not observed in association with gold stage pyrite. In addition, most of the 
δ34 S sulfur isotope values interpreted to indicate a magmatic component cluster between 10 to 
15 per mil. These values are consistent with δ34 of seawater sulfate in the Pennsylvanian to 
Permian (Claypool et al., 1980; Chang et al., 2008), the age of the Antler and Havallah 
sequences.  
!
2.6.7 Comparison to Carlin-type deposits 
 Many characteristics of the gold deposit at Marigold resemble those of Carlin-type 
deposits. The most apparent differences when compared to the average Carlin-type deposit are 
the low gold grade, the uncommon position in stratigraphy (upper plate of Roberts Mountain 
thrust), and the unusual host lithologies. The estimated amount of total contained gold at 
Marigold is not trivial. The Marigold deposit contains more gold than the largest distal 
disseminated deposits (Cox, 1992) and would be considered a world-class (>100t Au) Carlin-
type deposit, of which there are only 15 in Nevada (Cline et al., 2005; Berger et al., 2014).  
The gold grade from past production records at Marigold is 0.67 g/t, significantly lower 
than the median grade of 2.0 g/t for Carlin-type deposits (n=88), and is lower than the 10th 
percentile grade of 0.83 g/t (Carlin-type deposit data sourced from Berger et al., 2014). However, 
when considering only Carlin-type deposits exclusively hosted in rocks above the Roberts 
Mountain thrust (n=21) the grade at Marigold is greater than the 10th percentile (0.65 g/t). None 
of the Carlin-type deposits in the upper plate of the Roberts Mountain thrust are predominantly 
hosted by quartzite or Ordovician age rocks; the majority of the deposits are hosted by 
Devonian-Mississippian limestone and shale. The 8 South zone at Marigold is hosted by the 
Mississippian to Permian Antler sequence and was the highest grade ore on the property, 
containing 4,490,560 tons of ore at 2.4 g/t, totaling 420,750 ounces of gold (McGibbon, 1990). 
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When comparing the gold content of rock of similar age and lithology, the grade in the 8 South 
zone is above the 91th percentile of Carlin-type deposits exclusively hosted above the Roberts 
Mountain thrust. The total number of ounces from past production alone is enough to make 
Marigold the largest of the 22 Carlin-type deposits above the Roberts Mountain thrust (Fig 2.36; 
Berger et al., 2014).  
Carlin-type deposits of the southern Carlin trend (south of the Rain deposit) are hosted 
exclusively in the upper plate of the Roberts Mountain thrust. The majority of the deposits on the 
Battle Mountain-Eureka trend are hosted in either upper plate rocks or a mix of upper plate and 
lower plate rocks in imbricate structures. Only two clusters of deposits on the Battle Mountain-
Eureka trend are hosted solely in the lower plate of the Roberts Mountain thrust, those in the 
Cortez area (Cortez, Cortez Hills, Horse Canyon, and Goldrush; ~18,200,000 total ounces) and 
the relatively small deposits in the Gold Pick area (Gold Pick, Gold Canyon, Goldstone, Cabin 
Creek, and Gold Bar; ~1,500,000 ounces). Aside from the two deposit clusters described above, 
the only other areas where deposits are exclusively hosted in the lower plate of the Roberts 
Mountain thrust in Nevada are in the northern Carlin trend, Jerritt Canyon trend, and further east 
at Long Canyon. Geographically, deposits in hosted in siliciclastic rocks of the upper plate of the 
Roberts Mountain thrust are much more extensive and define the majority of the major mineral 
trends. The geographic location of Marigold along a mineral trend that primarily consists of 
deposits hosted in the upper plate and mixed upper and lower plate suggests the deposits at 
Marigold are not unusual in regards to stratigraphic position. The Battle Mountain-Eureka trend 
should therefore be considered as a trend composed of primarily upper plate and mixed upper 
and lower plate hosted Carlin-type gold deposits.  
Based on the work of Reich et al. (2005), pyrite-hosted gold at Marigold likely occurs as 
structurally bound particles within gold-stage pyrite, as the Au and As composition of this pyrite 
consistently plots within the field of gold solubility. Structurally bound gold in pyrite is common 
for many Carlin-type deposits (Wells and Mullens, 1973; Fleet and Mumin, 1997; Simon et al., 
1999; Palenik et al., 2004; Reich et al., 2005). The mineral suite associated with gold 
mineralization (pyrite, quartz, minor stibnite, and potentially calcite and barite) and gold content 
of the pyrite overgrowths at Marigold (up to ~1,000 ppm) are typical of Carlin-type deposits 
(Fleet and Mumin, 1997; Hofstra and Cline, 2000; Cline, 2001; Heitt et al., 2003; Cline et al., 
2005; Cline et al., 2008; Large et al., 2009; Almeida et al., 2010).  
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Fig 2.36. Ore grade (g/t Au) vs. metric tons of ore for Carlin-type deposits in the lower plate of 
the RMT (black), upper plate of the RMT (gray), and imbricate structures consisting of both 
upper and lower plate rocks (dark gray). Plotted for the Marigold deposit (diagonal line field) in 
order of increasing tonnage are (1) past production, (2) estimated future production, and (3) 
estimated cumulative production. In terms of grade and tonnage, the Marigold deposit is most 
similar to the lower plate-hosted Mike deposit, and has grades similar to Carlin-type deposits 
hosted in the upper plate of the RMT. Grade, tonnage, and classification of Carlin-type deposits 
from Berger et al., 2014.  
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2.6.8 Genetic model for the Au deposits at Marigold 
 A complete genetic model for the gold deposits at Marigold is complicated by ongoing 
discussions regarding the genesis of Carlin-type deposits. Although the gold deposits at Marigold 
are best described as Carlin-type in favor of the previous distal disseminated classification, this 
work does not intend to imply that Carlin-type deposits are definitively unrelated to magmatic 
processes. In a recent paper by Muntean et al. (2011), those authors theorized that Carlin-type 
deposits may be the product of Au-bearing fluids devolatized from deep seated (~10km) magmas, 
which could explain the lack of alteration zonation and chemical signatures typical of porphyry 
deposits related to shallow seated (~<4km) magmas.  
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Gold-bearing hydrothermal fluids were not hot enough to reset late Cretaceous Ar-Ar 
ages recorded by secondary white mica in the late Cretaceous Target II intrusion, suggesting 
mineralizing fluid temperatures cooler than approximately 350° C; however, the temperature 
required to reset the Ar-Ar system in white mica is largely dependent on the size of the white 
mica crystal and duration of heating event (Hofstra et al., 1999; Arehart et al., 2003). 
Hydrothermal fluids related to the gold mineralizing system have affected an estimated 8 km3 of 
rock based on the mineralized area of 7.5 x 1.5 km on the surface and extending to depths of at 
least .73 km. Preparation of the host rock was associated with emplacement of intrusions in the 
late Cretaceous, where slightly acidic, potentially base metal-bearing hydrothermal fluids 
contributed to the development of fluid pathways and alteration of primary mineralogy in the 
sedimentary host rock package, increasingly porosity by destruction of minerals such as feldspar. 
Apatite fission track dates recorded by apatite grains in Marigold host rock samples indicate a 
significant heating event in the Eocene (Fig 2.35; Robert Wood, unpublished data; Appendix C) 
despite the absence of Eocene-age intrusions at the mine. Fewer apatite fission tracks from the 
same data set record ages younger than the Eocene, suggesting that discrete hydrothermal events 
occurred into the Miocene but did not affect volumes of rock as large as the Eocene event (Fig. 
2.35). Chakurian et al. (2003) used apatite fission track analyses to determine the age of gold 
mineralization for deposits on the Carlin trend. In that study, the weighted mean of apatite fission 
track ages were compared to 40Ar-39Ar and (U-Th)/He analyses of igneous dikes and were 
determined to reflect the timing of the gold mineralization event. Consistent with that study, gold 
mineralization at Marigold is interpreted to have occurred between the late Cretaceous and 
Eocene and is likely recorded by the Eocene apatite fission track ages. !
 
2.7 Conclusions 
 The conclusions of this study are:  
• Chemically reactive rocks of the Antler sequence display alteration styles similar to those 
in typical Carlin-type deposits such as decarbonitization, silicification, argillization, and 
sulfidation of iron. These rocks have a higher concentration but lower quantity of Au 
relative to the Valmy Formation.  
• Quartz monzonite dikes in the Marigold mine area are late Cretaceous in age and may be 
apophyses of larger late Cretaceous base metal-related plutons, such as those associated 
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with molybdenum porphyry deposits to the south of the Oyarbide fault. Copper, tin, and 
silver-bearing sulfides are associated with elements such as potassium and manganese, 
which are typically enriched in porphyry environments.  
• Gold and base metals such as Cu and Ni have different element associations and 
commonly occur in different intervals in core, suggesting the introduction of base metals 
and the introduction of gold may be the result of different fluids. 
• The silver concentration of gold-bearing rock is a function of hypogene characteristics and 
is not due to silver leaching during oxidation. 
• In lieu of absolute ages from datable minerals, the most reasonable estimate for the age of 
the gold mineralization event is in the Eocene.  
• Gold occurs within As-enriched pyrite overgrowths on pre-ore pyrite and natively in 
quartz veinlets, and was likely precipitated by slightly acidic hydrothermal fluids less than 
350° C.  
• The deposits at Marigold have no clear genetic affiliation with a porphyry system, and 
thus should not be classified as distal disseminated. Marigold displays many 
characteristics similar to Carlin-type deposits, and should be considered a Carlin-type 
deposit predominantly hosted in quartzite of the Roberts Mountain allochthon. 
!
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DEPOSIT AND REGIONAL SCALE EXPLORATION IMPLICATIONS AND 
SUGGESTIONS FOR FUTURE WORK 
 
Gold occurs within As-enriched pyrite overgrowths on pre-ore pyrite and natively 
in quartz veinlets.  
 The presence of gold within pyrite in unoxidized rock indicates that the 74% gold 
recovery rate from the Marigold leach pads is attributable to destruction of the sulfide crystal and 
liberation of gold particles during oxidation. Metallurgical tests have indicated that gold recovery 
is enhanced with smaller rock fragment size. In addition, approximately 80% of the gold in 
samples from Marigold is cyanide soluble (Silver Standard, 2014; Mineral Processing and 
Metallurgical Testing). The combined results of these tests suggest that up to 20% of the gold on 
the Marigold property is of the native gold-bearing quartz veinlet type. This material may be less 
recoverable due to quartz encapsulation in larger rock fragments. The specific surface area of 
nano-scale gold particles liberated from sulfide crystals is likely much higher than the coarser, 
micron scale native gold grains in quartz veinlets, resulting in increased reactivity with the 
NaCN solution used on the leach pads.  
 
 In lieu of absolute ages from datable minerals, the most reasonable estimate for the 
age of the gold mineralization event is in the Eocene. !
The gold mineralization event at Marigold is bracketed between the late Cretaceous (92 
Ma) and the Oligocene-Miocene boundary by ages of mineralized quartz monzonite intrusions 
and unmineralized rhyolite tuff. Unpublished dates from an apatite fission track study indicate a 
heating event occurred in the Eocene and was only locally reset by younger events. Unpublished 
Ar-Ar dates of white mica from the Target II intrusion yield late Cretaceous ages, indicating that 
the Eocene heating event was sufficient to anneal fission tracks in apatite but unable to reset the 
Ar-Ar system in white mica. While the apatite fission track ages record a heating event in the 
Eocene, this heating event has not yet been linked to the introduction of gold. Future work 
should include an effort to obtain absolute ages on both the base metal and gold mineralization 
events. Absolute ages of these events will help researchers reinterpret the relative age of geologic 
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features, such as structures and alteration minerals, and the geologic context in which they 
formed.  
 
Gold and base metals such as Cu and Ni have different element associations and 
commonly occur in different intervals in core, suggesting the introduction of base metals 
and the introduction of gold may be the result of different fluids. 
The base metal mineralization event obscures the geochemical signature of the main 
stage gold event due to the introduction of elements such as arsenic, barium, antimony, and gold 
during both events. Geologists need to consider the base metal content of samples to estimate the 
concentration of elements such as As, Ba, and Sb related only to gold mineralization event. 
Because base metal sulfides commonly occupy gold-poor structures in addition to gold-bearing 
structures, early identification of structures occupied solely by base metals will result in more 
targeted drilling and effective use of funds. Rock with only moderate enrichment of As, Ba, and 
Sb should be carefully evaluated for this reason. A more complete understanding of the base 
metal system and related hydrothermal alteration of host rocks will enable researchers to study 
the effect of pre-gold chemical flux in host rocks on the evolution of gold-bearing hydrothermal 
fluids.  
 
The silver concentration of gold-bearing rock is a function of hypogene 
characteristics and is not due to silver leaching during oxidation. 
 Oxidation or any other process has not modified the silver content of the rocks at 
Marigold after the mineralization event. As a result, the presence of a supergene enriched silver 
deposit adjacent to the gold deposits at Marigold is extremely unlikely. The quantity of silver 
produced relative to gold is not expected to change as new areas are mined on the property. This 
hypothesis also holds true for deep targets that may be mined in the future assuming the recovery 
methods remain the same. The nature of silver in oxidized rock is not well understood, and 
should be considered as a component of future work.  
  
 Chemically reactive rocks of the Antler sequence display alteration styles similar to 
those in typical Carlin-type deposits such as decarbonitization, silicification, argillization, 
and sulfidation of iron. These rocks have a higher concentration but lower quantity of Au 
relative to the Valmy Formation.  
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The results of the examination of the deposit model and drill core samples conducted in 
this thesis suggest a significant structural control on the location of mineralized rock, whereas 
grade is dominantly controlled by lithology. Understanding the genesis of the structures, 
particularly the time relationships between structures of different orientations and subsequent 
reactivations, will benefit the understanding of near-surface geology as well as interpretation of 
structures encountered in core. Once the relative ages of structures present at Marigold are 
understood, researchers can begin to correlate these structures to regional tectonic processes.  
 
 Quartz monzonite dikes in the Marigold mine area are late Cretaceous in age and 
may be apophyses of larger late Cretaceous base metal-related plutons, such as those 
associated with molybdenum porphyry deposits to the south of the Oyarbide fault. Copper, 
tin, and silver-bearing sulfides are associated with elements such as potassium and 
manganese, which are typically enriched in porphyry environments.  
The results of this study suggest that Late-Cretaceous quartz monzonite intrusions are not 
responsible for the introduction of the majority of gold, but may occupy structures that were 
subsequently ascended by gold-bearing hydrothermal fluids. Examination of quartz monzonite 
hand samples may enable geologists to quickly estimate the degree of post-Cretaceous 
hydrothermal fluid flux based on mineralogy. As demonstrated in Chapter 2, increased alteration 
of quartz monzonite intrusions is related to increased concentrations of gold and related elements. 
Pervasive development of clays and other replacement phases such as chlorite at the expense of 
mafic phases such as amphibole and biotite are typical of gold-bearing intrusive material, 
particularly where relict phenocrysts grain shapes are no longer discernable. The most intense 
alteration only affects the outer ~0.5-1 meter of the intrusion, and may not be detectable if the 
margins of the intrusions are not exposed. Therefore, estimating the degree of fluid flux proximal 
to an intrusion requires the margin of the intrusion to be exposed.  
Revising the list of elements analyzed in drill hole core and chip samples by the mine will 
contribute to the understanding of the spatial relationship between base metal mineralization and 
the introduction of gold. Analyzing for additional elements such as Te, Se, and Sn may delineate 
a vector to the inferred shallow-seated intrusion responsible for the introduction of base metals. 
Although the genesis of Carlin-type deposits remains enigmatic, many researchers believe that 
heat and metals in Carlin-type deposits may be sourced from deep (>5km) intrusions. Expanding 
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the list of elements analyzed in drill hole core and chip samples to include a suite typically 
enriched in magmatic environments will also contribute to the understanding of the genesis of 
Carlin-type gold. 
Future work should include characterization of the newly discovered, potentially 
lamprophyric, intrusion. Determining the age of this intrusion will further constrain the relative 
ages of the mineralization events while refining the magmatic history of northern Nevada.  
 
 The deposits at Marigold have no clear genetic affiliation with a porphyry system, 
and thus should not be classified as distal disseminated. The Marigold displays many 
characteristics similar to Carlin-type deposits, and should be considered a Carlin-type 
deposit predominantly hosted in quartzite of the Roberts Mountain allochthon. 
The gold deposits at Marigold are similar to many Carlin-type deposits in northern 
Nevada with respect to geochemical signature, alteration and gangue mineralogy, precious and 
base metal content, and amount of contained gold. The primary differences between the deposits 
at Marigold and the majority of Carlin-type deposits are host rocks and tectonostratigraphic 
position. At Marigold, gold is hosted by chemically unreactive quartzite of the Valmy Formation 
within the Roberts Mountain allochthon. The Roberts Mountain allochthon was 
tectonostratigraphically emplaced above argillaceous carbonate sequences that host many known 
Carlin-type deposits during the Devonian to Mississippian Antler orogeny.  
Although the Roberts Mountain thrust has not been previously recognized in drill holes in 
the Battle Mountain mining district, carbonaceous shale and limestone debris flows are 
recognized at depths of over 2000 feet at Marigold. These rock types are significantly more 
chemically reactive, providing the substrate for increased gold precipitation, and indicate a 
significant change in depositional setting. Carbonaceous shales, debris flows, and sheared basalt 
are atypical of the Valmy formation, and may indicate proximity to or penetration through the 
Roberts Mountain thrust. A new deep-drilling program at Marigold may help define the depth to 
the Roberts Mountain thrust in the Battle Mountain district. If the Roberts Mountain thrust has 
been intersected at Marigold, researchers will have new information relating to the dimensions of 
the Roberts Mountain thrust plate that can be incorporated into compressional tectonic models to 
better understand the enigmatic Antler orogeny.  
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Given the increased grade of Carlin-type deposits hosted in the lower plate of the Roberts 
Mountain thrust relative to the upper plate, the potential exists for higher-grade material at depth. 
In addition to Carlin-type gold, a metalliferous porphyritic intrusion likely exists at depth, even 
though no higher-temperature alteration minerals typical of porphyry deposits have been 
documented in the country rock. Regionally, siliciclastic rock of the Roberts Mountain 
allochthon and overlying autochthonous sequences are underexplored. The appeal of higher-
grade material in rocks belonging to the lower plate has drawn attention away from the economic 
potential of siliciclastic rocks in the upper plate. Approximately 29,023 troy ounces were mined 
from the Valmy formation at a grade of 0.78 g/t in the West pit at Twin Creeks (Newmont, 
internal report), demonstrating the continuation of mineralized zones into the upper plate of the 
Roberts Mountain thrust above high-grade, Carlin-type ores. Mineralized rock with grades 
similar to Marigold likely exists above many Carlin-type deposits. Low-grade gold in siliciclastic 
or unconventional host rock packages may be the uppermost expressions of buried Carlin-type 
deposits in north central to northeastern Nevada. Approximately 2.2 Moz of gold is thought to 
exist at Long Canyon, hosted in atypical rocks over 150 km east of the Carlin trend (Smith et al., 
2013). These upper plate and eastward expressions may be used as vectors to gold mineralized 
rock at depth, or, as in the case of Marigold, contain substantial quantities of economically 
recoverable gold near the surface.  
Implications stemming from a study concerning the evolution of gold-bearing 
hydrothermal fluids in siliciclastic rock of the Roberts Mountain allochthon would generate 
interest from both academia and industry. Future work comparing the inferred ore-fluid 
characteristics of deposits in the upper plate to deposits in the lower plate of the Roberts 
Mountain thrust will help understand fluid-rock interactions and buffering of gold-bearing 
hydrothermal fluids by both carbonate and siliciclastic rocks.  
 
3.1 Regional-scale suggestions for future work  
 Detailed mineralogical investigations need to be conducted at more deposits throughout 
northern Nevada. Many of the large gold deposits have evidence of overprinting mineralization 
events that may not have been considered when interpreting previous results, such as in fluid 
inclusion and isotopic studies. Consequently, parts of the Carlin-type deposit model may be 
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inaccurate and misleading, including the geochemical signature, mineralizing fluid properties 
(salinity, temperature, etc.,) and sulfur source.  
The stratigraphy of the Roberts Mountain thrust plate is poorly understood. Within the 
Battle Mountain mining district, major packages of rock, such as the Harmony Formation, 
remain undated (Ketner, 2008). New geochronologic studies will likely resolve many of the 
unknown stratigraphic relationships in the district, potentially simplifying geologic maps of the 
Battle Mountain district. Geochronologic studies are important for correlating depositional and 
tectonic events across northern Nevada. A more thorough understanding of the stratigraphy of 
the Roberts Mountain thrust plate may result in the identification of regionally correlative basal 
units of the Roberts Mountain allochthon, Improved understanding of the stratigraphy of the 
Roberts Mountain allochthon will enable geologists to estimate the proximity to prospective 
targets in the lower plate of the Roberts Mountain thrust. 
 
3.2 Concluding statement 
In summary, Marigold is a sedimentary rock-hosted “Carlin-type” gold deposit that has 
apparently overprinted an earlier base metal mineralization event. This deposit is hosted in 
unconventional, siliciclastic rocks of the Roberts Mountain allochthon. Documentation of deposit 
characteristics at Marigold helps geologists understand the distribution and controls on the 
formation of large sedimentary rock-hosted gold deposits in northern Nevada. 
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Figure A-1: Cross sections showing gold distribution in Valmy Formation, Antler sequence, and 
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Figure C-1: CL images of mounted zircon grains from intrusion 5 separated by size. Labels with 
white boxes indicate grains included in CA-TIMS analyses.  
Intrusion 5 small grains   
25 microns




















































Figure C-2: CL images of mounted zircon grains from intrusion T2 separated by size. Labels 
with white boxes indicate grains included in CA-TIMS analyses. 
Intrusion T2 small grains   
25 microns
Intrusion T2 medium grains   
25 microns













































































Figure C-3: CL images of mounted zircon grains from intrusion BP separated by size. Labels 
with white boxes indicate grains included in CA-TIMS analyses. 
Intrusion BP medium grains   
25 microns
Intrusion BP large grains   
25 microns
















































Figure C-4: CL images of mounted zircon grains from intrusion MP separated by size. Labels 
with white boxes indicate grains included in CA-TIMS analyses. 
Intrusion MP small grains   
25 microns





























































 Zircon was ablated with a laser spot of 25 µm wide using fluence and pulse rates of 5 
J/cm2 and 10 Hz, respectively, during a 45 second analysis (15 sec gas blank, 30 sec ablation) 
that excavated a pit ~25 µm deep. Ablated material was carried by a 1.2 L/min He gas stream to 
the nebulizer flow of the plasma. Dwell times were 5 ms for Si and Zr, 200 ms for 49Ti and 207Pb, 
80 ms for 206Pb, 40 ms for 202Hg, 204Pb, 208Pb, 232Th, and 238U and 10 ms for all other HFSE and 
REE. Background count rates for each analyte were obtained prior to each spot analysis and 
subtracted from the raw count rate for each analyte. Ablation pits that appear to have intersected 
glass or mineral inclusions were identified based on Ti and P. U-Pb dates from these analyses are 
considered valid if the U-Pb ratios appear to have been unaffected by the inclusions. Analyses 
that appear contaminated by common Pb were rejected based on count rates on mass 204 being 
above baseline. For concentration calculations, background-subtracted count rates for each 
analyte were internally normalized to 29Si and calibrated with respect to NIST SRM-610 and -
612 glasses as the primary standards. Temperature was calculated from the Ti-in-zircon 
thermometer (Watson et al., 2006). Because there are no constraints on the activity of TiO2, an 
average value in crustal rocks of 0.8 was used. 
 For U-Pb and 207Pb/206Pb dates, instrumental fractionation of the background-subtracted 
ratios was corrected and dates were calibrated with respect to interspersed measurements of the 
Plešovice zircon standard (Sláma et al., 2008). Two analyses of the Plešovice standard were 
conducted for every 10 analyses of unknown zircon; a polynomial fit to the standard analyses 
yields each sample-specific fractionation factor. Signals at mass 204 were indistinguishable from 
zero following subtraction of mercury backgrounds measured during the gas blank (<1000 cps 
202Hg), and thus dates are reported without common Pb correction. Radiogenic isotope ratio and 
age error propagation for all analyses includes uncertainty contributions from counting statistics 
and background subtraction. For groups of analyses that are collectively interpreted from a 
weighted mean date (i.e., igneous zircon analyses), a weighted mean date is first calculated using 
Isoplot 3.0 (Ludwig, 2003) using errors on individual dates that do not include a standard 
calibration uncertainty, and then a standard calibration uncertainty is propagated into the error on 
the weighted mean date. This uncertainty is the standard deviation of the time-varying U/Pb 
fractionation factor and the standard error of the mean of the time-invariant, smaller 207Pb/206Pb 
fractionation factor. Data were collected in three experiments in March 2014. Standard 
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calibration uncertainties for 206Pb/238U dates are 3.8, 3.2, and 3.5% (2 σ). Given the young ages 
of zircon grains in this study, all age interpretations are based on 206Pb/238U dates. Errors on the 
dates from individual analyses are given at 2 σ, as are the errors on the weighted mean dates.  
 Two zircon secondary reference materials were treated as unknowns to assess accuracy, 
interspersed as groups of two analyses for every 20 unknown analyses. Weighted mean dates are 
calculated using Isoplot 3.0 (Ludwig, 2003) from errors on individual dates that do not include 
the standard calibration uncertainties. However, errors on weighted mean dates include the 
standard calibration uncertainties within each experiment and are given at 2 σ. AUSZ2 zircon 
(38.9 Ma from unpublished CA-TIMS data, Boise State University) yielded a weighted mean of 
206Pb/238U dates of 39.2 ± 1.6 Ma (MSWD=1.0, n=6), 37.8 ± 1.5 Ma (MSWD=0.9, n=4), and 
38.2 ± 1.7 Ma (MSWD=0.4, n=4). Temora zircon (417 Ma from unpublished CA-TIMS data, 
Boise State University) yielded weighted mean 206Pb/238U dates of 414 ± 16 Ma (MSWD=1.2, 
n=6), 410 ± 14 Ma (MSWD=0.5, n=4), and 422 ± 17 Ma (MSWD=0.3, n=2). These results show 
that accurate dates were obtained.  
 
CA-TIMS Methods 
 Zircon grains were placed in a muffle furnace at 900°C for 60 hours in quartz beakers. 
Single grains were then transferred to 3 ml Teflon PFA beakers and loaded into 300 ml Teflon 
PFA microcapsules. Fifteen microcapsules were placed in a large-capacity Parr vessel, and the 
crystals partially dissolved in 120 ml of 29 M HF for 12 hours at 180°C. The contents of each 
microcapsule were returned to 3 ml Teflon PFA beakers, the HF removed and the residual grains 
immersed in 3.5 M HNO3, ultrasonically cleaned for an hour, and fluxed on a hotplate at 80°C 
for an hour. The HNO3 was removed and the grains were rinsed twice in ultrapure H2O before 
being reloaded into the same 300 ml Teflon PFA microcapsules (rinsed and fluxed in 6 M HCl 
during sonication and washing of the grains) and spiked with the Boise State University mixed 
233U-235U-205Pb tracer solution. These chemically abraded grains were dissolved in Parr vessels 
in 120 ml of 29 M HF with a trace of 3.5 M HNO3 at 220°C for 48 hours, dried to fluorides, and 
then re-dissolved in 6 M HCl at 180°C overnight. U and Pb were separated from the zircon 
matrix using an HCl-based anion-exchange chromatographic procedure (Krogh, 1973), eluted 
together and dried with 2 µl of 0.05 M H3PO4. 
! 108!
 Pb and U were loaded on a single outgassed Re filament in 5 µl of a silica-gel/phosphoric 
acid mixture (Gerstenberger and Haase, 1997), and U and Pb isotopic measurements made on a 
GV Isoprobe-T multicollector thermal ionization mass spectrometer equipped with an ion-
counting Daly detector. Pb isotopes were measured by peak-jumping all isotopes on the Daly 
detector for 100 to 160 cycles, and corrected for 0.16 ± 0.03%/a.m.u. (1 sigma error) mass 
fractionation. Transitory isobaric interferences due to high-molecular weight organics, 
particularly on 204Pb and 207Pb, disappeared within approximately 30 cycles, while ionization 
efficiency averaged 104 cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 cps) and the 
associated deadtime correction of the Daly detector were monitored by repeated analyses of 
NBS982, and have been constant since installation. Uranium was analyzed as UO2+ ions in static 
Faraday mode on 1012 ohm resistors for 200-300 cycles, and corrected for isobaric interference 
of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206. Ionization efficiency averaged 20 
mV/ng of each U isotope. Uranium mass fractionation was corrected using the known 233U/235U 
ratio of the Boise State University tracer solution.  
 Weighted mean 206Pb/238U dates were calculated from equivalent dates using Isoplot 3.0 
(Ludwig, 2003). Errors on the weighted mean dates are the internal errors based on analytical 
uncertainties only, including counting statistics, subtraction of tracer solution, and blank and 
initial common Pb subtraction. They are given at the 2 σ confidence interval. Errors on the 
206Pb/238U dates from individual grains are also given at the 2 σ confidence interval. 
U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and Schoene 
(2007), 235U/205Pb of 77.93 and 233U/235U of 1.007066 for the Boise State University tracer 
solution, and U decay constants recommended by Jaffey et al. (1971). 206Pb/238U ratios and dates 
were corrected for initial 230Th disequilibrium using a Th/U[magma] = 3.0 ± 0.3 using the 
algorithms of Crowley et al. (2007), resulting in an increase in the 206Pb/238U dates of ~0.09 Ma. 
All common Pb in analyses was attributed to laboratory blank and subtracted based on the 
measured laboratory Pb isotopic composition and associated uncertainty. Uranium blanks are 
difficult to precisely measure, but are estimated at 0.07 pg.  
 Seven aliquots of the EARTHTIME 100 Ma synthetic solution were recently measured 
using the Boise State University tracer solution and the same mass spectrometry methods 
described above. Each aliquot was 4-6 pg of radiogenic Pb, similar to the analyses in this 
experiment. The weighted mean 206Pb/238U and 207Pb/235U dates are 100.08 ± 0.03 / 0.10 and 
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100.04 ± 0.13 / 0.16 Ma, respectively. These dates are consistent with the known dates 
determined by analysis of large aliquots measured with the EARTHTIME mixed 233U-235U-
202Pb-205Pb tracer solution (D. Condon, unpublished data). 
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Table 1. U-Pb isotopic data.
Th 206Pb* mol % Pb* Pbc 206Pb 208Pb 207Pb 207Pb 206Pb corr. 207Pb 207Pb 206Pb
Sample U x10
-13 mol 206Pb* Pbc
(pg) 204Pb 206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ± 235U ± 238U ± 
(a) (b) (c) (c) (c) (c) (d) (e) (e) (f) (e) (f) (e) (f) (g) (f) (g) (f) (g) (f)
MAR-INT-BP
z1 0.150 1.2217 99.78% 125 0.22 8307 0.048 0.048006 0.118 0.100038 0.172 0.015114 0.070 0.862 99.55 2.78 96.81 0.16 96.70 0.07
z2 0.142 0.7210 99.65% 77 0.21 5105 0.046 0.047914 0.159 0.099783 0.211 0.015104 0.072 0.806 95.00 3.75 96.58 0.19 96.64 0.07
z3 0.250 0.4161 99.53% 59 0.16 3836 0.080 0.047910 0.229 0.099736 0.279 0.015098 0.079 0.716 94.85 5.42 96.53 0.26 96.60 0.08
z4 0.172 3.7738 99.92% 355 0.25 22878 0.055 0.071675 0.089 0.244486 0.175 0.024739 0.122 0.880 976.73 1.81 222.09 0.35 157.54 0.19
z5 0.203 2.9251 99.87% 215 0.31 14049 0.065 0.047997 0.081 0.100150 0.144 0.015133 0.071 0.934 99.14 1.93 96.91 0.13 96.82 0.07
z6 0.226 1.1792 99.80% 138 0.20 8992 0.072 0.048080 0.107 0.100437 0.164 0.015150 0.071 0.878 103.23 2.54 97.18 0.15 96.93 0.07
z7 0.585 0.4101 99.16% 36 0.29 2145 0.187 0.048040 0.332 0.099924 0.380 0.015086 0.080 0.677 101.22 7.84 96.71 0.35 96.52 0.08
MAR-INT-MP
z1a 0.105 0.5818 99.61% 68 0.19 4599 0.033 0.047925 0.171 0.098493 0.222 0.014905 0.071 0.795 95.58 4.06 95.38 0.20 95.38 0.07
z1b 0.075 1.6405 99.86% 192 0.19 13054 0.024 0.047960 0.088 0.099767 0.149 0.015087 0.069 0.928 97.30 2.08 96.56 0.14 96.53 0.07
z2a 0.121 0.9809 99.80% 136 0.16 9142 0.039 0.047906 0.127 0.096438 0.181 0.014600 0.071 0.847 94.61 3.00 93.48 0.16 93.44 0.07
z2b 0.122 1.1477 99.66% 80 0.32 5367 0.039 0.047921 0.136 0.096574 0.189 0.014616 0.071 0.837 95.38 3.21 93.61 0.17 93.54 0.07
z3 0.443 1.2128 99.78% 137 0.22 8384 0.142 0.047888 0.118 0.095592 0.173 0.014478 0.070 0.861 93.72 2.78 92.70 0.15 92.66 0.06
z4 0.321 3.0436 99.91% 335 0.22 21158 0.103 0.047911 0.076 0.095612 0.138 0.014474 0.070 0.942 94.88 1.80 92.72 0.12 92.63 0.06
z5 0.601 0.4750 99.55% 68 0.18 4022 0.192 0.047922 0.209 0.095562 0.265 0.014463 0.093 0.713 95.44 4.94 92.67 0.23 92.56 0.09
z6 0.345 2.0871 99.84% 182 0.27 11443 0.110 0.047895 0.085 0.095588 0.146 0.014475 0.070 0.933 94.07 2.00 92.70 0.13 92.64 0.06
MAR-INT-5
z1a 0.210 0.3097 99.46% 51 0.14 3339 0.067 0.047888 0.256 0.095123 0.307 0.014406 0.074 0.747 93.76 6.06 92.26 0.27 92.21 0.07
z1b 0.391 0.8817 99.79% 140 0.15 8680 0.125 0.047842 0.119 0.095053 0.173 0.014410 0.071 0.846 91.45 2.82 92.20 0.15 92.23 0.06
z2 0.273 0.3241 99.42% 48 0.16 3111 0.087 0.047933 0.261 0.097535 0.310 0.014758 0.075 0.719 95.95 6.19 94.50 0.28 94.44 0.07
z3 0.277 0.1248 97.96% 14 0.22 883 0.089 0.047113 1.005 0.093877 1.072 0.014451 0.108 0.650 54.98 23.97 91.11 0.93 92.49 0.10
z4 0.441 0.9099 99.81% 157 0.14 9618 0.141 0.048017 0.110 0.095916 0.167 0.014488 0.070 0.880 100.09 2.61 93.00 0.15 92.72 0.06
z5 0.352 2.2297 99.76% 121 0.44 7604 0.113 0.047991 0.099 0.095717 0.155 0.014465 0.069 0.892 98.83 2.34 92.82 0.14 92.58 0.06
z6 0.476 1.1904 99.75% 121 0.24 7313 0.152 0.047937 0.133 0.095778 0.186 0.014491 0.072 0.829 96.17 3.14 92.87 0.17 92.74 0.07
z7 0.391 0.8239 99.78% 132 0.15 8209 0.125 0.047933 0.127 0.095657 0.181 0.014474 0.070 0.849 95.95 3.00 92.76 0.16 92.64 0.06
MAR-INT-T2
z1a 0.076 2.9469 99.92% 340 0.19 23031 0.024 0.048008 0.077 0.101054 0.139 0.015266 0.069 0.947 99.68 1.82 97.75 0.13 97.67 0.07
z1b 0.087 2.0744 99.88% 219 0.21 14839 0.028 0.047992 0.114 0.100943 0.164 0.015255 0.072 0.807 98.88 2.70 97.65 0.15 97.60 0.07
z2 0.088 0.8632 99.74% 101 0.19 6816 0.028 0.048092 0.158 0.101509 0.206 0.015308 0.073 0.756 103.82 3.74 98.17 0.19 97.94 0.07
z3 0.078 1.0694 99.78% 121 0.20 8197 0.025 0.048090 0.133 0.102919 0.185 0.015522 0.070 0.828 103.68 3.14 99.47 0.18 99.29 0.07
z4a 0.154 0.8144 99.63% 73 0.25 4833 0.049 0.048094 0.160 0.101877 0.213 0.015363 0.074 0.805 103.91 3.77 98.51 0.20 98.28 0.07
z4b 0.116 0.7864 99.72% 96 0.18 6414 0.037 0.053703 0.120 0.148794 0.176 0.020095 0.069 0.880 358.62 2.70 140.85 0.23 128.26 0.09
z4c 0.130 0.6314 99.50% 54 0.26 3618 0.042 0.047980 0.193 0.101759 0.244 0.015382 0.072 0.775 98.30 4.57 98.40 0.23 98.40 0.07
(a) z1, z2, etc. are labels for analyses composed of single zircon grains that were annealed and chemically abraded (Mattinson, 2005). 
     Labels with same numbers (e.g., z1a, z1b) denote fragments from the same grain. Labels in bold denote analyses used in weighted mean calculations.
(b) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U date.
(c) Pb* and Pbc are radiogenic and common Pb, respectively. mol % 206Pb* is with respect to radiogenic and blank Pb.
(d) Measured ratio corrected for spike and fractionation only. Fractionation correction is 0.16 ± 0.03 (1 sigma) %/amu (atomic mass unit) for single-collector
     Daly analyses, based on analysis of EARTHTIME 202Pb-205Pb tracer solution.
(e) Corrected for fractionation, spike, common Pb, and initial disequilibrium in 230Th/238U. Common Pb is assigned to procedural blank with composition of 
     206Pb/204Pb = 18.04 ± 0.61%; 207Pb/204Pb = 15.54 ± 0.52%; 208Pb/204Pb = 37.69 ± 0.63% (1 sigma). 206Pb/238U and 207Pb/206Pb ratios corrected for initial disequilibrium 
     in 230Th/238U using Th/U [magma] = 3.0 ± 0.3 (1 sigma).
(f) Errors are 2 sigma, propagated using algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).
(g) Calculations based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb dates corrected for initial disequilibrium in 230Th/238U using Th/U [magma] = 3.0 ± 0.3 (1 sigma).
Isotopic AgesRadiogenic Isotope Ratios
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Table C-2: U-Pb geochronologic analyses and trace element concentrations of zircon grains analyzed by ICPMS. Analysis column is 
formatted as follows: Intrusion name (BP, MP, 5, T2), zircon size (S, M, L), and analysis number. 
 
U-Pb geochronologic analyses and trace element concentrations.
Concentrations (ppm)
207Pb* ±2s 207Pb* ±2s 206Pb* ±2s % Ti-in-zircon
Analysis 206Pb* (Ma) 235U (Ma) 238U* (Ma) disc. P Ti Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Th U T(°C)
BP M 16 1421 127 1329 57 1273 44 10 92.30 10.86 299.49 1.01 3.62 0.04 1.07 2.90 0.07 12.22 3.41 34.28 11.92 48.55 11.53 136.94 14.55 5374.22 0.57 7.84 16.53 775
BP M 21 1108 42 1083 21 1071 22 3 195.54 5.07 903.44 8.59 11.30 0.04 1.12 2.76 0.08 19.84 6.92 96.49 34.83 142.75 37.50 408.33 37.42 7681.20 4.41 56.56 136.43 705
BP M 26 133 120 104 6 102 3 23 103.48 2.35 351.38 2.96 6.61 0.00 0.68 1.47 0.60 9.04 2.36 33.76 12.86 54.11 14.71 189.66 21.30 8752.67 1.50 112.74 435.43 642
BP M 33 56 87 100 5 101 3 -82 77.88 1.68 326.86 2.21 8.61 0.24 0.84 0.44 6.99 1.76 25.85 10.34 48.96 14.20 208.90 24.22 9093.85 1.32 180.05 875.40 618
BP S 34 24 76 97 6 100 5 -318 159.84 2.87 1278.85 11.42 16.97 0.05 0.50 2.71 1.14 18.61 7.85 101.26 40.67 177.77 53.07 623.77 75.64 10359.77 5.45 223.41 1038.58 658
BP M 17 70 117 97 6 98 3 -41 87.68 2.32 513.48 4.30 5.51 0.24 0.76 0.63 7.81 3.22 45.42 17.38 79.54 23.62 335.88 37.44 8559.38 2.01 61.84 507.52 642
BP M 25 83 126 97 7 97 5 -18 90.26 2.02 362.25 2.25 5.68 0.04 0.64 0.53 5.41 2.14 30.84 11.07 51.24 15.96 213.37 26.22 9515.33 1.43 95.51 543.71 631
BP S 41 333 232 107 12 97 5 71
BP M 13 64 121 96 6 97 4 -52 127.67 3.02 910.66 7.79 9.36 0.42 1.66 1.40 16.13 6.43 81.02 30.82 139.50 41.17 495.29 53.42 8479.75 3.26 82.54 526.28 662
BP M 24 248 90 103 5 97 3 61
BP L 5 166 89 100 5 97 3 42
BP M 27 150 64 99 3 97 2 36 148.86 3.75 836.85 9.12 23.77 0.03 0.47 3.41 1.45 15.53 5.94 73.70 29.19 123.57 35.97 476.35 51.69 8594.41 3.45 299.54 1059.66 679
BP M 22 380 213 108 10 96 4 75 77.62 2.38 404.72 3.25 0.03 7.15 0.01 0.21 1.44 0.38 5.67 2.22 28.90 12.08 56.46 19.22 265.26 31.07 9018.08 0.84 68.16 442.89 643
BP M 20 152 73 99 4 96 3 37 86.35 1.77 382.85 3.73 9.16 0.18 1.20 0.61 6.55 2.83 32.17 12.62 55.35 16.80 217.12 25.70 8810.79 1.33 191.98 779.63 621
BP M 28 169 105 99 7 96 5 43 129.66 2.62 709.61 9.21 6.97 0.20 1.08 0.49 11.22 4.75 59.03 22.77 103.58 30.53 404.98 47.34 9748.46 3.78 75.59 747.87 651
BP L 8 148 87 98 5 96 3 35 119.95 2.21 569.88 4.67 9.64 0.22 1.77 0.83 12.84 4.09 53.63 17.65 82.10 23.03 284.97 33.94 9877.83 2.31 212.77 927.54 638
BP L 10 66 94 95 6 96 5 -44 113.29 2.27 621.46 5.02 14.11 0.44 1.73 1.04 12.54 4.27 55.40 19.21 89.58 26.98 356.77 44.76 10439.82 1.97 273.34 969.67 640
BP M 32 86 104 95 5 96 4 -11 86.10 2.06 486.50 4.03 7.16 0.02 0.17 0.67 0.52 6.81 3.08 38.41 14.21 68.16 21.99 302.30 34.12 9567.91 1.85 114.01 742.88 633
BP S 39 104 189 96 8 95 3 8 248.48 5.32 550.45 1.89 9.94 0.09 1.33 4.24 1.23 24.35 6.41 68.25 18.86 76.33 17.23 167.86 22.59 12418.12 0.94 127.23 155.54 709
BP M 11 229 95 101 6 95 5 58 105.60 2.39 602.65 4.94 10.85 0.33 1.74 0.81 10.47 3.92 48.73 19.24 84.71 24.93 307.42 39.43 10705.95 2.10 195.64 829.04 644
BP L 3 53 102 94 5 95 3 -80 86.71 0.91 364.32 2.63 5.21 0.21 0.73 0.28 4.29 2.07 25.91 10.78 54.92 16.87 232.26 29.96 11311.85 1.09 123.94 934.32 576
BP S 42 110 103 96 5 95 3 14 137.21 3.44 1088.11 7.35 15.30 0.04 0.85 3.56 1.67 19.88 7.35 100.73 36.68 159.74 43.72 531.83 64.83 9354.01 2.86 213.96 678.34 672
BP L 2 154 75 97 5 95 4 38 94.62 0.96 526.77 3.67 6.63 0.24 0.76 0.59 7.87 3.18 39.10 15.53 77.13 22.70 292.16 37.77 10459.61 1.99 166.38 919.85 579
BP M 31 55 131 93 6 95 3 -71 94.76 1.37 485.70 4.39 5.08 0.17 0.66 0.48 7.03 2.75 35.86 14.59 71.87 22.68 303.93 38.42 9548.94 1.91 84.95 723.55 603
BP S 38 117 72 95 6 95 5 19
BP S 40 120 131 95 6 95 3 21 341.80 2.44 1021.58 4.02 0.09 12.96 0.06 1.92 4.52 1.54 22.54 7.69 98.11 34.14 150.10 39.80 462.09 62.09 11765.09 1.49 217.05 513.91 645
BP M 18 77 95 94 4 94 3 -22 130.63 1.45 588.56 5.20 0.07 10.93 0.03 0.54 1.62 0.88 10.74 3.61 47.29 17.87 84.36 25.34 334.13 37.12 9131.79 1.83 180.78 847.70 607
BP M 15 72 113 94 6 94 4 -31 208.03 2.08 548.68 5.10 0.12 15.02 0.04 0.52 1.36 1.06 9.97 3.75 47.48 16.86 79.30 24.55 323.68 37.52 8487.23 1.56 249.08 873.80 633
BP L 6 93 111 94 6 94 5 -2 100.76 2.25 705.28 5.67 10.95 0.41 1.49 0.85 10.37 3.78 51.43 20.45 101.93 31.48 435.57 52.93 9604.72 2.03 128.84 713.08 639
BP L 9 125 112 95 6 94 4 25 104.08 2.31 737.06 5.97 9.60 0.33 2.02 0.89 11.69 5.27 63.20 23.20 110.99 32.04 430.82 51.07 9624.62 2.48 147.43 721.48 641
BP L 7 193 80 98 4 94 3 51 88.66 1.63 519.74 4.59 12.38 0.31 1.26 0.89 9.04 3.20 41.26 16.14 75.52 22.24 306.66 37.95 9559.46 1.63 305.58 1116.64 616
BP M 23 100 115 94 5 94 3 7 118.92 1.69 833.41 6.16 9.11 0.25 1.24 1.13 14.84 5.14 66.75 26.81 125.26 36.15 486.97 54.13 8735.45 1.57 122.11 673.13 618
BP M 12 59 115 92 6 94 4 -57 136.35 2.80 788.41 6.98 11.54 0.35 1.98 1.21 14.73 5.69 69.14 25.76 113.25 32.65 404.30 44.75 8772.90 2.71 188.33 815.53 656
BP M 19 147 104 96 5 94 4 36 122.70 3.01 759.08 7.40 11.26 0.31 1.97 1.05 13.80 5.18 66.79 25.54 115.30 34.56 430.01 47.51 8418.43 2.40 133.74 647.31 662
BP M 14 141 106 95 6 93 4 34 110.56 2.47 567.81 4.42 11.85 0.08 0.55 1.62 1.02 10.61 4.36 48.34 19.09 79.47 24.41 318.36 36.66 8805.47 1.92 177.43 785.53 646
BP M 29 89 75 93 5 93 4 -5 112.83 1.69 669.46 7.20 11.04 0.19 1.98 1.02 13.34 4.97 62.31 23.27 95.99 28.11 355.06 39.48 8410.71 2.79 233.72 935.65 618
BP S 35 2286 10621 257 1403 92 4 96 312.84 13.45 619.71 1.28 12.60 0.37 6.12 11.91 4.78 39.07 9.35 81.51 20.69 71.83 16.63 168.72 18.21 6611.59 0.39 71.35 77.79 797
BP M 30 273 186 97 8 90 3 67 249.33 15.30 583.08 1.71 0.05 11.96 0.12 2.86 6.26 2.62 23.19 7.43 68.91 19.25 62.36 14.21 153.82 13.71 6132.44 0.36 94.67 141.33 811
BP L 4 26 94 87 5 90 4 -246 208.66 4.36 1633.10 11.52 31.87 0.09 2.73 9.05 3.46 45.10 16.85 188.85 58.34 225.22 54.40 607.65 62.34 9620.98 3.52 460.58 934.17 692
206Pb* ±2s
Weighted mean date 238U* (Ma) MSWD
with error that includes standard calibration uncertainty95 4 0.6
Experiment 1 - March 21, 2014
Isotope ratio and date errors do not include systematic calibration errors of 0.68% (207Pb/206Pb) and 3.80% (206Pb/238U) (2 sigma).
Ablation used a laser spot size of 25 microns, and a laser firing repetition rate of 10 Hz.
Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8.




U-Pb geochronologic analyses and trace element concentrations.
Concentrations (ppm)
207Pb* ±2s 207Pb* ±2s 206Pb* ±2s % Ti-in-zircon
Analysis 206Pb* (Ma) 235U (Ma) 238U* (Ma) disc. P Ti Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Th U T(°C)
MP S 86 214 54 163 5 159 4 26 174.77 2.77 1784.31 6.14 0.03 29.78 0.11 2.52 6.74 0.67 36.33 12.31 153.01 58.95 294.02 79.37 857.66 122.92 14596.44 2.88 482.57 1327.12 655
MP S 84 134 80 103 5 101 4 24 139.29 3.81 1261.50 7.39 28.81 0.05 1.20 4.23 1.95 26.19 9.14 111.83 41.19 186.71 49.92 587.50 83.13 11390.03 2.40 559.89 1130.48 681
MP M 67 113 73 101 6 101 5 10 186.57 2.53 944.96 6.41 0.02 10.28 0.02 0.24 1.85 1.04 14.48 5.87 79.14 30.82 144.55 44.26 549.82 68.77 9478.91 3.38 181.36 1322.59 648
MP S 83 24 130 94 7 97 5 -298 106.51 2.30 585.67 2.05 20.52 0.06 0.69 1.84 0.86 12.06 4.20 50.56 18.68 88.53 23.31 287.46 44.04 12709.48 1.06 373.27 483.94 641
MP M 60 119 123 97 6 96 4 19 145.72 2.46 698.25 3.16 18.68 0.60 2.52 1.02 12.21 5.00 58.92 23.50 105.70 31.55 403.23 51.19 8759.48 1.21 115.86 359.02 646 #VALUE!
MP M 45 37 215 94 9 96 4 -161 166.06 4.42 595.59 2.88 19.72 0.03 1.02 2.98 1.01 12.02 4.46 55.58 21.57 93.99 27.72 346.46 39.21 7482.63 1.02 105.77 196.06 693
MP M 47 131 98 97 5 96 3 27 141.55 1.50 526.12 4.98 6.51 0.03 0.29 1.03 0.45 9.12 3.70 47.58 17.04 80.25 23.29 277.05 29.66 9669.71 3.41 109.85 996.76 610
MP S 89 169 106 98 7 96 6 43 153.47 2.62 674.37 3.32 20.85 0.03 0.49 2.35 0.94 13.85 4.78 61.43 23.07 104.32 31.12 373.31 46.25 8873.00 1.15 164.48 357.46 651
MP M 79 97 105 95 5 95 3 2 290.62 3.38 272.39 1.16 0.68 0.90 2.81 0.31 18.28 6.17 46.73 9.54 28.18 6.03 61.84 6.00 9703.99 0.93 38.21 584.17 671
MP M 48 545 255 114 14 95 6 83 177.81 7.12 284.84 0.52 4.76 0.04 1.44 3.59 1.09 11.64 2.72 31.94 9.09 35.66 8.34 96.31 8.70 6448.61 0.18 40.02 94.87 735
MP M 76 75 122 94 6 94 5 -26 162.40 2.18 306.60 2.04 6.16 0.26 1.44 0.42 8.42 3.24 32.93 10.60 46.31 12.61 148.22 15.61 8696.18 1.13 57.97 324.76 637
MP S 92 152 100 96 5 94 4 38 146.58 3.60 1040.14 4.60 39.74 0.04 1.80 3.87 1.71 23.96 8.00 99.74 34.12 152.26 39.69 448.29 66.66 12001.30 2.05 619.58 652.55 676
MP M 62 278 65 101 5 94 4 66 258.57 4.00 1262.44 14.20 0.15 13.51 0.31 3.35 6.09 1.96 26.27 10.64 124.31 43.10 179.56 51.43 576.47 63.32 13863.09 9.60 407.19 3024.70 685
MP M 61 244 133 100 7 94 4 62
MP M 57 126 94 95 5 94 4 26 85.33 1.47 383.75 2.59 11.33 0.43 1.57 0.57 6.87 2.90 29.41 11.87 56.81 16.76 234.82 29.88 9582.96 1.02 260.59 866.09 608
MP M 64 96 121 94 5 94 3 2
MP M 43 100 117 94 6 94 3 6 264.49 3.57 242.72 0.92 1.46 0.84 2.60 0.25 16.12 4.22 34.34 8.71 33.39 8.30 92.30 9.40 9128.57 0.55 78.68 583.87 675
MP S 81 127 86 94 5 93 4 27
MP M 55 145 136 95 8 93 6 36 131.17 2.12 657.04 3.52 20.59 0.80 2.44 0.92 10.77 4.57 59.12 23.11 100.14 30.25 365.66 41.65 7843.02 1.44 158.76 361.58 635
MP M 46 152 141 95 6 93 3 39 185.12 4.27 720.19 3.97 28.52 0.04 1.27 3.33 1.42 16.40 5.04 66.48 26.07 113.92 31.66 403.89 42.93 7091.18 1.29 180.70 313.84 690
MP M 51 237 209 98 10 93 4 61 229.23 3.71 591.25 1.99 14.82 0.02 0.66 1.96 1.02 12.24 4.13 55.29 20.53 92.09 28.19 355.10 39.17 7428.16 0.90 80.50 169.09 678
MP M 63 481 122 109 7 93 4 81
MP M 58 99 152 93 7 92 4 7 160.27 3.02 841.86 3.91 26.51 0.07 0.93 3.20 1.12 18.06 6.19 72.48 28.47 127.60 37.63 472.76 53.33 7893.90 1.47 151.87 339.53 662
MP M 66 106 201 93 9 92 5 13 232.57 4.12 910.42 1.78 19.82 0.14 2.51 5.05 2.32 23.83 7.54 92.86 31.63 137.98 38.40 468.85 53.45 7996.34 0.69 152.33 196.00 687
MP M 56 45 176 91 8 92 5 -108 93.75 3.85 327.95 0.63 1.63 0.56 1.30 0.52 5.22 1.96 25.62 9.42 47.85 13.53 195.98 23.76 6481.91 0.29 33.99 238.46 682
MP M 54 93 165 92 7 92 4 1 166.71 4.36 448.48 1.62 0.04 17.71 0.02 0.92 1.45 0.75 8.00 2.95 40.94 14.84 67.33 19.43 241.58 27.40 7459.80 0.81 118.68 200.70 692
MP M 78 35 190 90 7 92 3 -160 162.34 2.76 627.20 2.86 24.45 0.07 1.28 2.47 1.20 14.32 5.19 56.04 22.00 96.44 28.72 370.52 39.67 7836.60 1.00 155.94 286.12 655
MP M 49 123 177 93 8 92 4 25 171.66 4.80 471.94 2.13 18.97 0.04 1.30 2.30 0.75 11.11 3.94 47.12 16.76 71.37 21.17 267.62 28.47 7407.59 0.92 151.92 226.51 700
MP M 65 -82 211 86 8 92 5 213 194.02 5.49 681.32 2.36 16.19 0.03 0.60 2.49 1.23 11.92 4.62 59.87 22.46 107.83 30.36 401.43 49.42 8062.48 0.92 86.85 153.93 712
MP M 71 145 124 93 7 91 5 37 216.79 3.32 752.04 2.92 22.07 0.05 1.20 3.69 1.32 15.38 5.36 71.60 25.20 113.81 31.72 399.96 46.92 7745.55 1.13 166.47 295.62 669
MP M 44 218 142 96 7 91 5 58 227.76 2.81 680.18 2.29 19.43 0.03 0.77 3.00 0.93 13.85 5.41 62.96 23.07 102.47 29.96 404.81 43.51 7129.28 1.01 119.57 316.30 656
MP M 74 156 152 93 7 91 3 42 252.77 3.21 655.50 2.04 17.87 0.06 1.20 3.59 1.29 16.37 5.69 60.88 21.88 103.60 28.98 381.53 41.14 7185.99 0.81 119.76 220.91 667
MP M 59 628 175 114 10 91 4 86
MP M 68 173 58 94 4 91 3 47 104.56 2.28 886.87 6.88 12.58 0.02 0.44 2.92 1.49 17.95 7.00 82.59 29.31 126.97 34.32 437.82 50.77 9593.72 2.69 348.60 1721.47 640
MP M 75 -64 252 85 9 91 5 241 213.81 3.93 646.50 1.16 14.79 0.16 1.57 4.70 1.52 17.83 5.70 67.80 23.37 99.40 28.92 353.39 39.19 7144.40 0.53 98.49 164.06 683
MP M 53 -87 176 84 7 90 3 204 197.78 5.40 714.78 2.97 21.58 0.05 1.10 2.88 1.04 15.72 5.04 65.73 24.22 104.84 31.99 400.08 42.03 7169.43 1.10 117.34 211.37 710
MP S 90 484 105 106 6 90 2 81
MP M 69 109 122 91 5 90 3 17 151.57 4.12 970.93 5.28 31.28 0.03 0.91 3.76 1.37 20.70 6.61 82.53 33.15 148.86 43.58 539.49 63.30 7731.07 2.29 195.93 447.87 687
MP S 82 101 58 90 3 90 3 12 115.41 2.06 1317.66 10.55 25.19 0.99 3.94 1.25 31.24 10.01 119.15 41.15 188.19 48.11 535.24 75.91 15341.30 3.97 975.75 1889.74 633
MP S 91 162 180 92 8 90 5 45 177.85 5.30 1064.78 3.65 26.60 0.09 1.96 4.98 1.62 18.75 7.81 90.04 36.37 158.58 43.10 481.31 73.78 11086.93 1.50 208.72 208.43 709
MP S 80 88 87 89 4 90 2 -2 385.48 8.29 1642.59 2.88 0.08 26.09 0.99 20.38 40.46 6.31 128.91 29.02 228.47 59.78 204.54 43.56 457.56 45.73 7921.60 0.79 852.99 842.51 749
MP M 77 34 115 87 5 89 3 -165 189.24 4.63 867.70 4.98 40.10 0.03 1.20 4.32 1.63 21.02 7.25 88.41 30.13 133.49 37.22 449.95 49.13 7538.90 1.87 295.74 436.81 697
MP M 52 39 170 87 6 89 2 -129 192.28 3.82 765.59 4.56 30.94 0.06 1.52 3.15 1.49 17.50 5.96 71.22 27.45 118.94 33.87 448.80 45.82 7353.86 1.18 199.30 327.79 681
MP M 73 58 173 88 7 89 3 -52 241.05 13.57 764.08 2.66 10.23 0.10 3.02 8.06 2.17 34.65 9.83 91.87 25.90 92.53 22.43 250.82 21.33 6142.17 0.43 150.48 282.49 798
MP S 94 141 136 90 6 88 3 38 178.02 3.84 1259.01 4.60 0.02 31.93 0.02 1.80 3.80 1.77 23.56 8.30 110.12 42.16 196.90 53.72 601.48 83.25 10566.06 1.71 227.27 391.80 681
MP S 95 591 67 109 6 88 4 85 206.83 5.97 1212.90 7.15 1.26 22.25 1.44 9.69 12.94 5.77 41.54 12.84 126.55 39.86 164.22 42.53 503.22 65.72 13830.18 3.50 541.25 1491.78 719
MP S 93 185 91 90 5 87 3 53
206Pb* ±2s
Weighted mean date 238U* (Ma) MSWD
with error that includes standard calibration uncertainty92 4 1.5
Experiment 1 - March 21, 2014
Isotope ratio and date errors do not include systematic calibration errors of 0.68% (207Pb/206Pb) and 3.80% (206Pb/238U) (2 sigma).
Ablation used a laser spot size of 25 microns, and a laser firing repetition rate of 10 Hz.
Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8.







U-Pb geochronologic analyses and trace element concentrations.
Concentrations (ppm)
207Pb* ±2s 207Pb* ±2s 206Pb* ±2s % Ti-in-zircon
Analysis 206Pb* (Ma) 235U (Ma) 238U* (Ma) disc. P Ti Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Th U T(°C)
5 S 128 1070 50 1098 35 1113 46 -4 382.59 13.22 1132.88 2.28 2.91 0.04 1.73 3.05 0.09 24.41 8.75 114.54 42.53 185.61 45.77 488.29 60.42 11760.05 1.24 47.36 108.97 795
5 S 132 137 52 156 7 157 6 -14 232.53 5.00 2271.25 23.11 39.93 0.06 0.95 7.04 2.80 47.31 17.49 225.62 81.99 361.59 90.14 936.35 120.25 11176.35 8.21 742.72 1050.57 704
5 M 110 164 77 155 7 154 6 6 152.48 13.40 431.94 2.95 15.50 0.04 0.94 2.18 0.21 9.06 3.75 43.37 15.58 64.64 18.81 232.91 24.04 8303.99 1.88 246.84 524.19 797
5 M 101 109 206 97 9 97 5 11 208.09 9.28 580.45 0.97 0.09 8.87 0.20 5.03 8.41 3.03 30.95 6.95 65.92 19.59 67.60 17.13 191.21 17.27 6353.57 0.33 106.97 184.52 760
5 M 117 192 100 101 5 97 4 50 93.70 1.69 474.15 2.95 7.19 0.24 1.04 0.53 8.86 3.14 41.49 14.97 70.57 19.46 247.71 27.25 9000.55 1.64 128.12 732.63 618
5 M 113 97 78 95 4 95 3 1 149.00 3.00 930.33 7.42 27.37 0.04 1.16 3.73 2.05 22.94 7.64 92.76 32.98 140.94 37.85 494.62 51.51 8075.07 2.59 498.14 1212.89 662
5 M 109 807 163 129 11 95 5 88 103.56 2.07 408.00 2.09 0.93 12.36 1.31 9.52 5.60 2.61 15.17 4.55 41.58 13.34 57.70 17.08 228.86 26.29 9951.73 1.14 187.81 718.62 633
5 M 108 5 208 90 8 94 4 -1730 430.47 4.44 557.11 2.21 2.46 21.80 0.88 4.22 3.87 1.21 13.13 4.44 51.46 18.68 84.35 23.50 303.68 32.11 7439.96 0.98 113.98 188.12 693
5 M 114 104 126 93 7 92 5 11 184.07 11.55 505.79 1.58 4.68 0.17 2.41 5.87 1.32 20.87 5.85 55.80 16.47 65.21 16.06 185.65 17.10 6647.00 0.50 89.68 263.14 782
5 M 104 20 178 89 7 92 4 -361 134.05 2.66 599.54 3.34 26.33 0.02 1.06 2.17 1.16 13.37 4.27 55.28 20.26 91.09 26.85 342.07 36.08 7880.81 1.52 196.27 356.78 652
5 M 102 231 162 97 7 92 3 60 213.75 3.33 621.91 2.33 17.05 0.02 0.84 1.85 0.94 14.77 4.38 55.10 20.66 96.80 28.77 384.01 41.09 7341.87 0.74 105.75 246.99 670
5 S 120 190 154 95 8 91 5 52 238.76 3.73 1040.59 2.06 23.40 0.09 2.37 7.49 1.98 27.49 8.80 106.06 36.40 153.41 42.27 506.49 58.13 7827.63 0.90 194.27 280.31 679
5 M 96 -10 128 88 5 91 3 1006 104.24 2.47 490.15 2.35 14.92 0.02 0.27 2.34 0.64 9.09 3.62 41.09 16.96 75.80 22.31 293.32 31.22 7970.99 1.21 94.36 239.54 646
5 S 130 -247 214 80 7 91 3 137 130.25 5.16 823.29 2.76 19.29 0.05 1.41 3.36 1.23 17.14 5.91 65.64 27.27 125.98 34.44 400.64 57.81 11039.84 1.27 121.82 165.53 706
5 S 136 30 114 89 5 91 3 -199 119.67 3.16 759.77 4.51 0.01 29.23 0.06 1.25 3.51 1.33 18.79 6.48 77.78 25.83 117.93 32.37 399.00 45.12 9400.72 1.83 358.40 547.30 665
5 S 125 186 117 94 7 91 5 51 175.85 5.98 1063.76 4.39 32.79 0.06 1.74 4.51 1.63 23.36 7.44 98.42 35.20 159.96 45.12 520.19 69.08 10152.81 1.33 286.83 297.86 719
5 M 115 67 184 90 7 91 3 -36 140.60 2.87 556.18 2.42 26.85 0.03 0.64 2.10 1.07 14.08 4.41 52.19 17.87 83.20 23.31 298.18 31.57 8020.07 1.10 250.34 391.78 658
5 S 129 231 99 96 5 91 4 61 211.67 3.39 934.89 4.28 0.34 25.68 0.12 1.86 2.41 1.10 15.91 5.79 78.03 31.00 141.48 40.84 469.19 64.79 11403.43 1.71 192.48 352.86 671
5 M 100 66 68 90 3 91 3 -38 365.96 14.14 1588.01 6.72 24.33 0.39 8.86 22.30 3.05 100.77 25.64 217.28 57.17 194.64 44.50 457.70 42.13 7624.86 1.83 924.46 1490.41 802
5 S 135 -22 154 87 7 91 5 504 176.34 6.23 936.78 3.96 28.47 0.09 1.07 4.74 1.60 18.40 6.82 84.30 30.05 139.69 37.62 454.98 57.00 10244.60 1.61 239.65 249.78 723
5 M 118 209 155 95 7 90 3 57 146.27 3.89 1026.13 6.74 35.66 0.05 1.18 3.79 1.66 21.59 6.54 91.13 36.17 161.07 45.58 584.24 60.97 7801.78 2.34 194.77 443.50 682
5 M 116 158 147 92 6 90 3 43 129.40 4.29 599.98 3.21 23.01 0.03 0.78 2.60 0.81 13.51 4.53 53.47 20.98 93.56 25.75 338.97 38.18 7559.45 1.29 158.03 274.10 691
5 M 99 235 179 95 8 90 3 62 156.30 4.57 457.36 1.68 12.79 0.04 0.54 1.53 0.68 8.25 2.68 38.83 15.09 73.34 20.54 273.08 30.56 7383.66 0.72 71.73 133.80 696
5 M 105 -27 174 85 7 90 5 432 180.53 3.52 1226.29 2.00 28.33 0.26 5.33 11.16 3.53 40.30 11.90 126.75 43.69 181.85 48.78 595.55 59.72 7432.48 0.92 233.38 281.09 674
5 S 133 109 162 90 7 89 4 18 208.26 5.40 960.75 2.17 19.86 0.13 1.66 2.88 1.19 18.86 6.58 79.78 31.33 143.93 40.51 459.25 65.83 10082.97 0.95 168.94 179.71 710
5 M 106 130 89 91 4 89 3 32 392.92 2.44 683.02 3.79 0.90 29.29 0.27 2.27 3.45 0.96 15.51 5.29 63.54 22.47 105.85 29.69 383.59 43.33 8041.31 1.19 268.94 569.68 645
5 M 103 29 99 87 5 89 4 -209 131.48 3.85 785.52 5.23 37.50 0.04 1.26 4.60 1.73 21.48 7.22 76.00 28.25 113.11 32.32 408.31 42.87 7717.26 2.18 318.46 646.39 681
5 S 131 135 88 90 6 88 6 35 262.90 5.16 2330.47 5.11 0.04 47.28 0.24 6.36 14.18 4.79 63.94 20.46 231.78 80.62 341.41 84.83 914.20 123.60 10531.83 2.06 611.16 759.64 706
5 S 123 74 105 88 5 88 3 -18 122.20 4.25 1400.77 6.69 39.62 0.06 1.90 4.69 1.77 27.41 9.59 119.13 42.79 214.61 56.79 605.05 90.26 11883.47 2.29 478.70 615.93 690
5 S 127 112 127 88 6 87 3 22 106.37 1.94 543.42 1.92 18.07 0.05 0.78 1.42 0.93 10.25 3.57 46.58 16.92 83.30 25.87 324.47 43.46 10037.41 1.00 161.62 355.81 628
5 S 122 57 148 86 6 87 3 -54 223.84 9.72 764.29 2.66 0.18 9.99 0.11 3.60 8.42 1.48 32.55 8.53 82.47 25.88 104.23 24.79 271.90 32.53 9190.45 1.02 183.86 392.92 765
5 M 98 226 212 92 9 87 4 61 206.59 12.46 573.99 0.97 0.07 6.30 0.20 4.66 7.02 2.84 28.05 6.41 65.79 19.43 65.71 16.24 174.69 17.79 5555.41 0.34 90.41 168.92 789
5 M 1111 170 106 89 5 86 3 49 196.57 6.08 489.53 2.02 4.43 0.09 2.66 7.24 0.51 21.09 6.53 57.07 17.40 68.59 17.85 219.01 22.35 7495.52 0.95 168.43 567.43 721
5 S 126 211 197 90 8 86 4 59 161.09 4.10 578.10 1.43 15.58 0.09 1.18 2.63 1.15 13.29 4.49 54.65 18.67 89.12 23.53 313.50 36.38 8341.48 0.64 89.50 143.28 687
5 S 134 439 44 99 4 86 4 80 211.07 7.18 1627.78 10.69 1.75 90.84 2.80 22.23 23.23 9.32 59.72 18.20 183.43 55.17 215.05 52.37 553.08 67.69 13075.58 5.60 774.38 1947.91 736
5 S 137 156 138 88 6 85 3 45 120.19 3.66 668.71 3.01 25.13 0.01 1.14 2.86 0.98 13.02 4.74 62.91 22.42 100.37 28.39 354.00 41.46 8694.76 1.51 205.32 347.27 677
5 S 121 136 133 87 6 85 4 37 119.31 2.87 688.13 3.51 25.44 0.05 0.70 3.01 1.22 14.25 5.17 61.86 24.69 110.96 30.37 368.55 42.23 8806.47 1.50 211.98 367.98 658
5 S 119 221 96 89 5 84 3 62 423.83 3.20 924.39 6.47 1.01 44.35 0.40 3.94 6.15 1.70 24.87 8.22 87.65 31.67 139.01 36.88 439.63 49.33 8638.04 2.24 735.95 833.20 666
5 M 97 728 56 104 4 79 2 89 295.34 8.09 1763.21 16.99 2.99 127.29 5.86 41.64 33.78 13.95 67.54 21.49 214.78 60.82 225.19 59.63 693.54 64.09 10433.55 8.04 681.49 2571.85 747
206Pb* ±2s
Weighted mean date 238U* (Ma) MSWD
with error that includes standard calibration uncertainty89 3 1.6
Experiment 2 - March 21, 2014
Isotope ratio and date errors do not include systematic calibration errors of 0.60% (207Pb/206Pb) and 3.22% (206Pb/238U) (2 sigma).
Ablation used a laser spot size of 25 microns, and a laser firing repetition rate of 10 Hz.
Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8.




U-Pb geochronologic analyses and trace element concentrations.
Concentrations (ppm)
207Pb* ±2s 207Pb* ±2s 206Pb* ±2s % Ti-in-zircon
Analysis 206Pb* (Ma) 235U (Ma) 238U* (Ma) disc. P Ti Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Th U T(°C)
TS 2 16 1754 23 1738 31 1724 54 2 675.66 12.34 1752.28 1.36 0.04 2.87 0.10 2.17 5.12 0.34 30.46 12.30 169.94 63.64 275.16 69.47 751.06 96.99 11816.51 1.07 57.02 169.65 788
T2 S 31 1409 43 1426 38 1437 58 -2 321.51 2.81 1490.45 4.38 6.14 20.85 1.23 9.05 10.40 0.83 44.15 14.75 165.84 55.32 221.36 51.87 535.66 66.27 9192.48 1.44 89.42 141.64 656
T2 S 36 1311 43 1360 38 1391 58 -6 241.70 12.15 1050.91 2.81 35.81 0.10 1.87 5.00 1.91 23.94 8.28 106.29 39.40 173.36 44.86 529.02 62.06 6819.65 0.82 60.55 73.97 787
T2 M 1 1142 91 1048 39 1004 35 12 496.71 25.31 1383.33 1.18 0.05 2.73 0.41 7.46 13.09 1.67 44.82 15.56 168.54 51.18 197.74 48.17 504.28 50.66 6197.94 0.69 22.66 34.49 867
T2 M 8 314 103 413 20 430 15 -37 588.98 9.19 1305.74 0.87 1.78 0.12 2.75 6.35 0.38 30.20 10.80 135.94 50.39 205.18 51.90 563.92 61.86 8026.10 0.56 68.12 118.16 759
T2 M 6 88 103 160 7 165 4 -89 161.44 27.94 197.55 1.82 6.81 0.02 0.73 1.24 0.23 5.97 1.69 19.65 6.28 30.38 8.22 101.53 11.01 7432.25 0.95 125.50 347.13 879
T2 S 35 177 110 165 10 164 7 7 372.18 8.56 1021.65 1.03 0.03 15.26 0.16 3.73 6.40 1.86 29.28 9.49 105.17 37.78 155.07 39.04 429.08 52.02 7031.11 0.89 184.26 282.12 752
T2 S 27 131 85 162 8 164 6 -25 224.12 31.19 992.03 1.72 0.24 15.97 0.66 9.36 11.24 1.11 39.22 10.41 109.71 35.45 139.73 32.84 340.42 45.79 10003.27 1.35 419.71 431.14 892
T2 M 5 125 122 161 10 164 7 -31 175.00 25.53 204.28 1.21 7.59 0.04 0.57 1.55 0.29 4.83 1.64 22.48 7.36 30.91 8.87 106.44 11.15 6691.18 0.66 75.94 171.81 868
T2 M 2 212 86 167 9 163 7 23 108.78 10.12 171.30 2.04 8.05 0.03 0.19 0.64 0.03 3.22 1.20 16.47 5.77 26.73 8.02 108.19 11.77 8449.14 1.57 145.54 625.83 768
T2 M 166 179 106 164 10 163 8 9 172.59 55.43 612.40 1.16 0.08 6.50 0.85 9.37 10.62 0.80 25.82 7.57 72.60 23.59 88.31 24.02 269.20 27.14 6601.42 0.87 312.16 504.45 967
T2 M 3 78 99 158 8 163 6 -109 133.33 24.79 163.02 1.18 0.02 4.42 0.03 0.74 1.13 0.10 4.25 1.36 17.94 6.16 25.05 7.16 90.44 9.86 6560.65 0.58 54.52 178.90 865
T2 S 29 120 75 160 7 162 6 -35 168.87 22.51 483.87 2.78 11.31 0.06 1.28 2.39 0.28 9.96 3.97 45.80 16.19 72.12 18.67 209.79 27.81 10960.01 1.97 225.82 380.11 853
T2 M 161 234 99 167 11 162 9 31 152.33 26.85 504.61 0.91 8.56 0.09 2.17 5.06 0.64 17.85 4.95 59.38 18.61 75.38 19.98 234.74 23.27 7018.71 0.56 165.39 261.89 874
T2 M 172 239 103 167 11 162 9 32 204.91 51.83 704.22 1.69 0.03 9.34 0.53 8.06 10.52 0.73 27.79 8.06 84.87 25.05 99.65 25.56 269.16 27.84 7342.11 1.04 243.27 336.35 958
T2 S 19 134 105 160 9 162 6 -21 196.88 23.76 832.67 2.17 0.07 16.20 0.49 7.28 9.42 0.75 27.89 8.50 89.14 30.01 121.30 28.96 305.44 37.97 10052.05 1.28 426.29 570.71 860
T2 S 22 153 47 161 5 162 5 -6 162.59 18.85 1284.08 1.76 0.05 16.27 0.43 6.49 12.32 0.87 44.36 13.15 141.43 46.19 186.05 45.74 462.26 59.44 10563.51 1.43 629.56 741.16 833
T2 L 151 36 108 153 10 161 9 -353 199.31 26.12 452.44 2.67 15.69 0.08 1.68 3.34 0.41 13.91 4.67 46.83 15.83 67.14 18.24 225.86 22.73 7727.80 1.62 251.66 440.13 871
T2 S 32 212 91 164 9 161 7 24 209.80 36.74 1012.62 2.17 0.27 16.98 1.34 15.69 16.58 1.19 42.84 12.08 118.56 36.46 142.31 33.04 354.52 41.71 9294.98 1.29 532.77 592.39 912
T2 L 149 211 62 163 8 160 8 24 178.49 32.23 731.44 1.90 0.04 11.21 0.30 6.73 9.79 0.83 27.90 8.69 88.65 26.96 105.19 27.64 309.19 30.39 7570.29 1.12 303.31 455.21 896
T2 S 37 189 70 162 8 160 6 16 231.87 27.19 886.85 1.88 0.18 17.69 0.70 10.97 13.58 1.12 37.67 10.47 109.54 33.41 127.60 31.16 357.33 36.25 7439.81 1.24 413.59 546.79 875
T2 M 4 172 97 160 8 159 6 7 183.43 15.57 364.41 2.33 14.69 0.04 0.95 1.46 0.43 9.60 3.55 37.84 12.05 52.86 14.63 175.34 19.13 7090.74 1.20 228.96 501.66 813
T2 M 160 147 77 158 9 159 9 -8 262.29 49.44 413.06 2.22 0.03 6.59 0.22 3.01 4.82 0.30 13.50 4.37 48.15 15.35 60.08 15.44 192.15 18.76 6463.55 1.13 194.92 349.35 951
T2 S 34 100 139 155 10 159 5 -59 190.73 29.64 730.56 1.34 0.08 14.38 0.45 8.57 8.99 1.17 28.61 8.47 86.26 26.57 107.14 25.48 276.80 32.42 8326.94 0.74 282.47 332.45 886
T2 L 148 465 207 180 18 159 9 66 134.05 19.85 238.07 1.89 0.01 9.05 0.04 0.74 1.68 0.17 5.90 2.27 25.20 8.15 36.66 10.03 134.46 13.65 7769.67 1.06 90.73 228.35 839
T2 M 167 89 197 154 14 159 9 -78 135.37 21.22 196.03 1.79 6.57 0.02 0.61 0.52 0.10 5.54 1.56 19.51 6.59 29.19 9.07 108.02 11.98 8112.89 1.39 103.47 311.82 847
T2 M 169 190 136 160 10 158 6 17 168.94 30.19 216.17 1.66 4.08 0.07 1.30 0.92 0.09 5.78 2.01 22.11 7.63 32.09 9.48 112.66 12.11 7297.96 0.98 64.98 164.96 888
T2 M 173 108 86 155 8 158 6 -46 147.04 15.66 798.36 1.81 16.16 0.07 1.89 4.94 0.43 19.73 6.86 82.95 27.85 120.01 30.99 360.72 40.42 9391.79 1.00 349.76 508.24 813
T2 M 168 222 92 162 8 158 6 29 181.45 21.59 749.12 1.53 0.07 12.97 0.38 5.79 8.60 1.01 27.82 7.81 84.18 26.44 105.55 26.13 310.63 31.35 7283.79 0.93 306.14 436.03 849
T2 L 146 220 42 161 6 157 6 29 45.30 0.56 29.25 0.72 0.25 0.15 1.61 0.89 5.65 2.10 42.49 6.30 9602.64 0.57 1.77 660.55 545
T2 L 155 165 94 157 8 156 6 6 196.97 26.60 458.38 2.91 11.23 0.08 1.50 2.76 0.42 13.81 3.93 49.76 16.54 69.09 18.60 213.38 22.13 7953.33 1.74 228.60 401.24 873
T2 L 142 209 72 159 6 155 5 26 199.22 52.45 559.36 1.17 0.06 5.34 0.50 7.00 8.13 0.81 21.74 5.97 64.54 20.64 82.44 21.61 240.57 24.06 7029.33 0.87 230.34 374.39 960
T2 M 170 119 129 153 9 155 6 -30 122.63 39.15 280.80 0.82 2.86 0.04 1.36 2.38 0.10 8.73 2.77 27.48 9.75 41.39 11.77 136.04 14.64 7577.17 0.61 122.75 276.48 921
T2 L 144 129 104 153 8 155 5 -20 199.51 39.41 456.02 2.49 7.18 0.10 2.43 4.49 0.30 16.61 4.36 49.61 15.87 67.75 18.22 216.40 21.70 7773.28 1.33 198.42 392.95 921
T2 L 145 130 44 153 5 154 5 -18 191.19 22.11 480.14 5.47 19.08 0.06 1.64 3.41 0.29 14.01 4.48 48.75 17.05 71.85 20.00 254.03 26.07 9305.36 3.44 686.01 1617.67 851
T2 M 165 273 148 162 13 154 9 44 175.09 20.00 371.39 1.60 9.69 0.05 1.17 2.36 0.44 11.25 3.40 40.12 13.49 54.06 15.23 180.13 17.91 7040.52 1.00 134.13 237.40 840
T2 L 138 213 108 158 9 154 6 28 190.68 25.22 381.25 1.76 12.22 0.06 0.82 1.58 0.26 9.68 3.51 36.41 12.55 54.78 15.47 177.63 20.34 8987.35 1.12 184.88 294.72 867
T2 L 147 238 154 160 11 154 5 35 137.63 28.63 154.94 1.39 3.56 0.05 0.71 0.89 0.09 4.78 1.31 15.20 4.83 24.80 6.70 83.44 8.83 7297.61 0.96 43.81 131.44 882
T2 L 139 50 98 148 7 154 5 -206 49.18 0.24 25.27 0.03 0.40 0.02 1.00 0.71 5.57 2.25 40.26 7.53 9661.94 0.09 8.40 466.41 497
T2 L 156 187 106 155 9 153 6 18 171.72 20.75 359.80 2.10 13.40 0.05 0.87 2.08 0.37 8.89 3.53 35.17 12.61 54.68 14.79 170.72 18.88 8085.20 1.25 188.30 340.32 844
T2 L 141 105 90 150 8 153 6 -45 168.07 23.05 282.38 2.45 7.84 0.05 0.63 1.96 0.10 6.26 2.21 26.77 9.47 41.21 12.12 151.85 17.72 8854.97 1.65 156.86 405.34 856
T2 L 157 168 123 154 11 153 9 9 186.37 25.07 360.76 1.94 11.34 0.04 1.74 2.99 0.35 11.17 3.52 40.08 12.92 52.21 14.36 175.74 18.33 7807.15 0.89 177.04 300.01 866
T2 L 152 195 66 155 7 153 6 22 165.74 7.73 465.74 4.41 21.57 0.03 0.89 2.17 0.36 11.42 3.95 45.99 16.13 73.00 20.14 267.09 26.40 9203.53 2.63 503.53 1493.48 743
T2 L 143 167 126 153 8 152 4 9 147.18 30.91 543.27 1.58 6.75 0.13 1.62 4.73 0.26 15.49 5.55 60.83 19.67 78.63 20.78 249.93 25.19 7605.91 1.17 150.84 313.17 891
T2 L 154 320 132 163 11 152 7 53 116.51 27.05 173.35 1.12 3.75 0.01 0.64 1.30 0.13 4.54 1.37 17.65 6.19 25.50 7.66 95.46 10.86 7651.90 0.75 51.02 152.00 875
T2 L 150 223 87 156 7 152 5 32 182.33 58.02 635.03 1.24 0.17 7.02 0.73 9.26 9.78 0.66 25.99 7.48 74.80 23.49 92.08 23.73 274.81 26.24 6316.45 0.86 325.17 557.66 974
T2 M 163 229 89 156 8 151 6 34 168.18 30.50 294.45 2.37 8.87 0.12 1.42 2.52 0.13 8.13 2.82 27.41 10.02 40.94 11.43 140.48 14.01 7344.58 1.47 178.68 392.87 889
T2 L 153 191 115 153 9 151 6 21 175.54 20.35 738.61 1.49 12.27 0.11 2.92 5.91 1.15 23.78 8.03 82.50 27.14 108.17 27.08 321.10 32.40 7560.76 0.91 274.07 380.80 842
T2 L 159 267 82 158 8 150 7 44 174.51 23.45 342.29 1.78 0.03 9.45 0.02 1.16 2.39 0.42 9.40 2.79 33.10 12.36 51.39 14.45 166.23 19.48 8432.01 0.91 118.68 209.85 858
T2 M 164 221 135 153 10 149 6 33 199.21 41.50 553.41 1.91 0.08 10.56 0.42 6.48 10.10 0.84 21.48 6.69 68.08 20.18 78.66 20.67 237.41 22.18 6982.08 0.96 266.05 414.91 928
T2 L 140 264 75 155 6 148 4 44 170.68 33.56 815.99 2.20 0.01 9.65 0.64 10.04 11.59 0.95 36.13 9.67 96.79 29.74 115.59 29.58 344.57 35.65 8081.87 1.73 321.12 493.83 901
T2 L 158 162 114 149 9 148 7 9 149.02 21.72 453.59 1.70 0.02 10.79 0.06 1.44 3.01 0.52 11.81 4.19 46.14 15.83 69.51 18.47 216.42 24.62 8422.44 0.90 173.79 273.53 849
206Pb* ±2s
Weighted mean date 238U* (Ma) MSWD








U-Pb geochronologic analyses and trace element concentrations.
Concentrations (ppm)
207Pb* ±2s 207Pb* ±2s 206Pb* ±2s % Ti-in-zircon
Analysis 206Pb* (Ma) 235U (Ma) 238U* (Ma) disc. P Ti Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Th U T(°C)
T2 M 7 314 185 124 11 114 5 64 209.01 9.43 500.35 1.10 10.63 0.03 1.17 3.26 0.76 13.76 4.64 55.93 18.25 70.72 18.63 217.49 21.63 6806.00 0.67 58.41 94.87 762
T2 S 22 68 126 110 9 112 7 -65 154.64 2.64 849.48 3.44 16.97 0.04 1.41 3.26 1.32 14.95 5.57 75.18 27.19 127.89 35.39 447.55 62.27 10696.33 1.80 193.17 458.91 651
T2 S 12 94 152 109 8 110 5 -17 157.27 5.28 866.44 4.41 4.47 0.09 1.91 5.05 1.37 29.42 8.23 91.84 28.25 117.52 26.03 253.51 35.77 12666.58 0.99 126.55 355.32 708
T2 M 10 124 87 110 7 110 7 11 214.03 5.40 982.83 2.10 0.03 20.30 0.24 5.37 7.68 3.54 30.67 9.16 98.46 33.14 142.40 38.31 465.77 60.36 7933.62 1.21 400.37 443.83 710
T2 2 24 41 110 106 6 109 4 -168 192.28 3.29 1149.87 3.30 23.46 0.12 3.70 5.50 1.94 27.00 8.99 108.28 40.45 179.03 44.49 485.28 75.63 10885.26 1.73 249.24 327.33 669
T2 S 12 135 227 110 10 109 3 20 202.19 7.87 917.41 1.34 0.12 12.16 0.12 2.67 5.31 0.73 22.98 8.43 90.03 33.05 139.51 32.03 347.94 44.02 10107.54 0.88 125.43 199.34 744
T2 S 21 234 108 113 6 108 4 54 116.26 3.25 430.40 2.47 16.71 0.01 0.51 1.47 0.70 7.51 2.61 34.62 13.44 64.84 18.53 235.63 35.48 11564.00 1.48 167.33 265.62 668
T2 S 14 229 79 113 6 107 5 53 134.04 3.26 1053.50 7.04 25.77 0.04 1.05 2.61 1.34 20.22 7.08 86.98 34.22 159.26 40.93 455.02 73.05 12859.36 3.64 422.17 704.93 668
T2 S 11 -5 104 101 6 106 5 2193 190.34 3.53 872.73 4.12 23.19 0.08 2.17 3.93 1.43 18.19 6.47 75.74 29.62 131.00 36.27 432.70 61.24 10309.55 1.94 200.58 363.01 675
T2 S 17 206 103 110 6 105 4 49 273.68 3.73 841.14 4.55 0.91 31.61 0.31 2.41 3.88 1.38 20.26 6.78 77.84 29.50 130.33 33.05 357.82 49.29 11021.11 2.16 296.93 362.87 679
T2 S 28 76 142 104 8 105 5 -39 950.12 6.54 1715.25 11.03 4.80 38.91 1.70 11.02 9.98 3.23 44.41 16.39 172.93 59.03 237.98 54.34 557.90 76.24 11572.37 3.64 298.25 460.17 727
Y2 S 23 13 148 101 8 105 5 -688 170.35 10.42 318.59 0.46 0.03 3.13 0.29 5.63 12.86 1.73 37.04 7.57 50.78 10.95 33.81 5.98 53.40 6.23 10754.12 0.34 130.56 247.12 771
T2 M 171 49 254 103 12 105 6 -113 102.88 3.86 284.56 1.54 3.55 0.68 1.87 0.73 12.72 3.40 32.11 10.04 38.22 9.06 100.64 10.38 9898.29 0.53 84.74 226.00 682
T2 S 30 240 120 106 7 100 5 58 143.52 11.56 280.89 0.90 0.04 3.21 0.25 4.30 10.90 1.37 35.82 6.36 41.89 9.96 30.34 6.47 57.05 7.13 10143.24 0.32 110.86 278.26 782
T2 S 20 66 99 92 5 93 3 -41 232.75 16.62 630.97 1.68 0.17 9.53 0.88 18.42 34.85 7.20 105.28 18.99 114.92 21.73 55.75 9.72 73.99 8.03 9191.39 0.44 350.80 410.35 820
206Pb* ±2s
Weighted mean date 238U* (Ma) MSWD
with error that includes standard calibration uncertainty108 4 1.2
T2 S 18 75 71 101 5 102 4 -36 294.47 3.00 1222.91 6.46 8.05 0.02 0.83 4.68 0.74 27.99 11.64 125.07 42.26 191.22 48.14 554.85 71.00 9902.70 5.37 140.99 1120.94 661
T2 M 162 54 98 99 7 101 6 -86 59.07 2.31 89.41 1.96 0.80 0.47 0.10 4.33 1.30 11.96 3.06 9.76 2.50 24.33 2.08 8377.74 1.77 14.40 614.09 641
T2 M 9 59 91 98 4 99 3 -68 182.00 4.15 296.42 1.51 1.45 0.93 3.96 0.33 21.80 5.98 47.54 9.74 27.10 5.17 41.00 3.41 11345.28 1.77 87.15 883.18 688
T2 S 26 71 100 98 5 99 4 -39 215.04 4.47 459.89 1.56 1.59 0.11 2.14 0.26 13.66 4.47 49.11 15.38 59.38 13.41 130.27 19.10 14074.26 1.42 52.09 538.06 694
T2 M 175 224 87 103 6 98 5 56 185.64 2.93 427.71 2.76 1.06 0.01 0.27 1.51 0.13 13.13 5.13 54.27 14.05 41.17 7.24 66.79 5.59 9176.59 4.02 52.74 945.16 660
T2 S 15 141 92 99 5 97 4 31 158.26 4.12 316.66 1.29 1.37 0.03 0.71 4.06 0.30 19.76 5.41 45.16 10.68 34.37 6.61 62.94 7.32 12389.27 1.18 48.62 668.30 687
T2 M 174 235 103 100 6 94 4 60 428.02 5.47 890.61 3.85 1.20 0.02 1.34 8.37 0.84 43.95 16.47 132.24 30.67 111.51 26.50 273.63 30.72 9101.82 3.44 64.59 1493.07 711
206Pb* ±2s
Weighted mean date 238U* (Ma) MSWD
with error that includes standard calibration uncertainty98 4 1.2
Experiment 2 - March 21, 2014
Isotope ratio and date errors do not include systematic calibration errors of 0.60% (207Pb/206Pb) and 3.22% (206Pb/238U) (2 sigma).
Ablation used a laser spot size of 25 microns, and a laser firing repetition rate of 10 Hz.
Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8.
Analyses with no chemical data intersected inclusions.
Experiment 3 - March 21, 2014
Isotope ratio and date errors do not include systematic calibration errors of 0.56% (207Pb/206Pb) and 3.54% (206Pb/238U) (2 sigma).
Ablation used a laser spot size of 25 microns, and a laser firing repetition rate of 10 Hz.
Activity of TiO2 for Ti-in-Zircon temperature calculation is 0.8.
Analyses with no chemical data intersected inclusions.
Apparent ages (Ma)
! 116!
Table C-3: Apatite fission track ages from rock samples collected at Marigold. All samples and 











(Ma) ± Latitude Longitude
MM020 100s 6 12.9 3.4 12.1 3.2 40.7240998 -117.174323
MM210 10s 4 13.4 5.3 14.3 5.7 40.7346909 -117.17586
MM180 100s 6 14.2 4.1 14.2 4.1 40.721526 -117.17676
MM133 1000s 7 18.3 2.4 17.4 2.3 40.7402535 -117.161138
MM206 1000s 8 22 2.7 21.4 2.6 40.7338572 -117.175176
MM136 10s 6 23.5 5.6 23.2 5.5 40.7399318 -117.161444
MM104 1000s 7 26.3 5.1 25.4 4.9 40.7392407 -117.162804
MM169 10s 4 26.3 8.1 26.2 8.1 40.7258389 -117.177288
MM215 100s 6 27.6 4 26.8 3.9 40.7315826 -117.172213
MM138 10s 5 27.9 7.4 27.9 7.4 40.7411335 -117.164047
MM189 1000s 9 31.7 2.4 29.3 2.2 40.7230916 -117.174638
MM118 100s 8 32.3 2.8 32.6 2.7 40.7415444 -117.162846
MM123 1000s 7 32.5 4.7 27.5 4 40.7409169 -117.163808
MM217 100s 6 32.9 7.6 30.2 7 40.7212446 -117.175828
MM008 10s 6 34 7.2 26.5 5.7 40.7264897 -117.177257
MM214 1000s 7 34.4 6.1 34.1 6 40.7233566 -117.173704
MM176 10s 7 35.1 4.2 34.2 4.1 40.72168 -117.176548
MM017 100s 8 36.9 3.3 37.5 3.3 40.7250374 -117.171623
MM017 100s 37.6 15.1 40.7250374 -117.171623
MM222 1000s 8 38.2 5.9 36.6 5.7 40.7209965 -117.176405
MM063 1000s 8 38.5 5.4 36.8 5.2 40.7386958 -117.161662
MM118 100s 38.6 11.3 40.7415444 -117.162846
MM021 100s 8 38.9 4.6 37.7 4.5 40.7412235 -117.164509
MM044 100s 6 39 8.8 35.2 7.9 40.739208 -117.160674
MM156 100s 7 39.1 4.3 38 4.2 40.727917 -117.175774
MM183 1000s 8 39.3 6.5 35.8 5.9 40.7216657 -117.17697
MM096 1000s 9 41.8 3.2 41 3.1 40.7415219 -117.163174
MM181 100s 6 58.8 11.8 53.1 10.7 40.7215697 -117.176901
MM025 10s 4 80.3 23.7 77.7 22.9 40.7401324 -117.16129
MM003 1s 6 90.8 17.4 84 16.1 40.7283236 -117.177421





Table D-1. Electron microprobe analysis of base metal stage minerals. Analyses below 96.5 total weight percent are not included.  
Ag As Au Co Cu Fe Hg Ni S Sb Sn Tl Zn Total
Drill Hole Depth Sample Name Spot Base Metal Stage Pyrite
5031 471.7 MC-5 2.4 0.00 2.55 0.00 0.00 2.51 41.79 0.03 0.23 51.44 0.29 0.00 0.09 0.28 99.21
5031 471.7 MC-5 3.1 0.00 0.00 0.00 0.00 0.32 46.49 0.00 0.00 53.48 0.00 0.00 0.18 0.00 100.55
5031 471.7 MC-5 3.4 0.00 2.33 0.02 0.00 0.71 45.23 0.00 0.00 52.15 0.00 0.00 0.07 0.00 100.52
5031 471.7 MC-5 3.6 0.00 2.86 0.03 0.00 1.31 44.66 0.00 0.00 50.96 0.01 0.00 0.15 0.00 100.01
4919 523.6 MC-13 3.2 0.00 3.14 0.00 0.00 0.19 45.81 0.00 0.00 51.19 0.00 0.00 0.07 0.00 100.43
4919 523.6 MC-13 3.7 0.00 2.66 0.00 0.00 0.17 45.66 0.00 0.00 51.18 0.00 0.00 0.18 0.00 99.92
4919 523.6 MC-13 3.9 0.00 2.14 0.00 0.00 0.23 45.68 0.00 0.00 51.78 0.00 0.00 0.11 0.00 100.03
4919 523.6 MC-13 4.3 0.00 2.79 0.02 0.00 0.15 45.44 0.00 0.00 51.14 0.00 0.00 0.15 0.00 99.82
Tennantite
5031 471.7 MC-5 1.3 0.02 16.53 0.00 0.00 38.77 2.80 1.03 0.00 27.54 3.74 0.03 0.08 6.09 96.62
5031 471.7 MC-5 2.3 0.03 16.01 0.00 0.00 39.85 3.19 0.74 0.00 28.14 4.58 0.03 0.00 4.22 96.83
5031 471.7 MC-5 2.5 0.02 17.56 0.00 0.00 39.80 1.71 0.76 0.00 28.99 2.35 0.00 0.05 6.00 97.25
5031 471.7 MC-5 2.6 0.01 17.42 0.00 0.00 40.48 2.05 0.74 0.00 28.24 2.44 0.00 0.00 5.76 97.17
5031 471.7 MC-5 3.3 0.03 17.64 0.00 0.00 39.57 7.95 1.04 0.00 29.60 1.92 0.00 0.00 0.93 98.68
4919 523.6 MC-13 3.3 0.00 17.04 0.00 0.00 39.50 5.80 3.19 0.00 28.35 3.21 0.02 0.16 1.55 98.82
4919 523.6 MC-13 3.4 0.00 10.74 0.00 0.25 38.06 2.99 4.57 0.00 27.33 11.73 0.07 0.19 4.39 100.32
4919 523.6 MC-13 3.6 0.04 18.56 0.00 0.00 39.68 5.86 3.83 0.00 28.51 0.45 0.00 0.00 0.22 97.16
4919 571.5 MC-10 1.1 0.23 16.47 0.00 0.00 40.27 2.30 0.04 0.00 28.04 4.60 0.00 0.12 5.83 97.93
Stannite
4919 523.6 MC-13 3.1 0.00 0.00 0.00 0.00 26.38 4.67 12.36 0.00 29.17 0.00 23.91 0.00 4.43 100.99
4919 523.6 MC-13 3.8 0.00 0.00 0.00 0.00 26.10 4.70 13.38 0.00 28.95 0.00 23.74 0.05 4.05 100.97
Chalcopyrite
5031 471.7 MC-5 3.2 0.00 0.00 0.00 0.00 33.01 29.42 0.00 0.00 34.76 0.00 0.00 0.00 0.00 97.23
Gersdorffite
5031 471.7 MC-5 2.1 0.00 45.28 0.00 3.20 2.48 0.48 0.03 41.20 18.68 0.29 0.00 0.00 0.20 111.84
5031 471.1 MC-6 1.1 0.00 46.16 0.00 1.59 0.00 0.51 0.00 44.59 19.56 0.10 0.00 0.00 0.00 112.54
5031 471.1 MC-6 1.2 0.00 46.54 0.00 2.41 0.04 0.58 0.00 44.53 19.12 0.10 0.00 0.00 0.00 113.35
Element Concentration (weight percent)
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Table D-2. Electron microprobe analysis of native gold, gold stage pyrite, and GPAR pyrite. Analyses below 96.5 total weight  












Ag As Au Co Cu Fe Hg Ni S Sb Sn Tl Zn Total
Drill Hole Depth Sample Name Spot Native Gold
5331 216.7 MC-1 1.1 0.00 0.00 102.46 0.00 0.00 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 103.17
5331 216.7 MC-1 1.2 0.00 0.00 100.53 0.00 0.00 0.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 101.36
5331 216.7 MC-1 4.1 0.00 0.00 96.86 0.00 0.00 2.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.47
Main Stage Pyrite
4919 571.5 MC-10 2.1 0.00 3.94 0.05 0.00 0.19 44.36 0.00 0.00 49.60 0.01 0.00 0.19 0.00 98.36
5031 472.4 MC-12 1.3.2 0.00 3.80 0.07 0.00 0.25 43.82 0.02 0.29 50.57 0.21 0.00 0.12 0.00 99.16
5031 472.4 MC-12 1.4.2 0.00 0.78 0.02 0.00 0.03 44.73 0.00 0.40 52.10 0.01 0.00 0.22 0.00 98.29
5031 472.4 MC-12 1.6 0.00 4.22 0.09 0.00 0.30 43.78 0.00 0.37 50.89 0.12 0.00 0.11 0.00 99.91
5031 472.4 MC-12 1.T1 0.00 3.73 0.10 0.00 0.19 43.32 0.00 0.00 49.38 0.08 0.00 0.08 0.00 96.98
5031 472.4 MC-12 2.2 0.00 2.93 0.07 0.00 0.28 43.85 0.00 0.16 50.58 0.21 0.00 0.07 0.00 98.17
4919 523.6 MC-13 1.1 0.00 4.16 0.03 0.00 0.08 44.95 0.00 0.00 49.86 0.00 0.00 0.06 0.00 99.22
4919 523.6 MC-13 2.2 0.00 4.31 0.01 0.00 0.16 43.51 0.00 0.12 48.81 0.14 0.00 0.14 0.00 97.21
4919 523.6 MC-13 4.1 0.00 6.21 0.02 0.00 0.00 41.47 0.00 0.00 48.94 0.16 0.00 0.16 0.00 96.99
4919 523.6 MC-13 4.2 0.00 6.70 0.09 0.00 0.33 43.28 0.00 0.23 47.65 0.04 0.00 0.08 0.00 98.40
GPAR Pyrite
5031 471.7 MC-5 1.8 0.00 27.80 0.00 0.00 0.15 37.12 0.00 0.27 36.05 0.03 0.00 0.11 0.00 101.53
5031 472.4 MC-12 1.8 0.00 38.45 0.00 0.00 0.00 35.47 0.00 0.13 23.56 0.14 0.00 0.08 0.00 97.85
5031 472.4 MC-12 1.T10 0.00 19.18 0.00 0.00 0.00 41.02 0.00 0.31 40.94 0.14 0.00 0.16 0.00 101.78
4919 523.6 MC-13 1.2 0.00 38.16 0.00 0.00 0.00 35.78 0.00 0.16 24.14 0.01 0.00 0.07 0.00 98.34
4919 523.6 MC-13 1.5 0.00 36.80 0.00 0.00 0.00 36.90 0.00 0.00 25.14 0.00 0.00 0.12 0.00 99.07
Element Concentration (weight percent)
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Table D-3. Electron microprobe analysis of GPAP pyrite grains. Analyses below 96.5 total weight percent are not included. 
 
 
Ag As Au Co Cu Fe Hg Ni S Sb Sn Tl Zn Total
Drill Hole Depth Sample Name Spot GPAP Pyrite
4919 523.6 MC-13 1.8 0.00 1.06 0.00 0.00 0.00 46.26 0.00 0.00 52.73 0.00 0.00 0.19 0.00 100.26
4919 523.6 MC-13 1.4 0.00 0.00 0.01 0.00 0.00 46.78 0.00 0.00 53.74 0.00 0.00 0.13 0.00 99.77
4919 523.6 MC-13 1.7 0.00 0.00 0.00 0.00 0.00 46.98 0.00 0.00 53.81 0.00 0.00 0.15 0.00 99.63
4919 523.6 MC-13 2.3 0.00 0.00 0.01 0.00 0.00 46.13 0.00 0.64 52.73 0.00 0.00 0.15 0.00 99.82
4919 523.6 MC-13 2.4 0.00 0.00 0.00 0.00 0.00 46.24 0.00 0.68 52.77 0.00 0.00 0.26 0.00 100.78
4919 523.6 MC-13 2.5 0.00 0.00 0.00 0.00 0.00 46.46 0.00 0.13 53.79 0.00 0.00 0.08 0.00 100.95
4919 571.5 MC-10 2.3 0.00 0.00 0.00 0.00 0.00 46.09 0.00 0.00 52.58 0.02 0.00 0.07 0.00 99.30
4919 571.5 MC-10 2.T2 0.00 0.00 0.00 0.00 0.00 46.31 0.00 0.00 54.31 0.00 0.00 0.12 0.00 99.40
4919 571.5 MC-10 2.T3 0.00 0.00 0.00 0.00 0.00 46.23 0.00 0.00 54.26 0.00 0.00 0.19 0.00 100.55
4919 571.5 MC-10 2.T4 0.00 0.00 0.00 0.00 0.00 46.41 0.00 0.00 54.21 0.00 0.00 0.20 0.00 100.89
4919 571.5 MC-10 2.T5 0.00 0.00 0.00 0.00 0.00 46.55 0.00 0.00 54.40 0.00 0.00 0.15 0.00 100.41
4919 571.5 MC-10 2.T6 0.00 0.00 0.00 0.00 0.00 46.42 0.00 0.00 54.36 0.00 0.00 0.13 0.00 101.00
4919 571.5 MC-10 2.T7 0.00 0.00 0.00 0.00 0.00 46.51 0.00 0.00 54.10 0.00 0.00 0.13 0.00 98.83
4919 571.5 MC-10 2.T8 0.00 0.00 0.00 0.00 0.00 45.94 0.00 0.00 53.77 0.00 0.00 0.20 0.00 100.77
5031 471.7 MC-5 1.1 0.00 0.00 0.00 0.00 0.00 46.85 0.00 0.13 53.79 0.00 0.00 0.12 0.00 99.67
5031 471.7 MC-5 1.7 0.00 0.00 0.01 0.00 0.00 46.73 0.00 0.00 53.47 0.00 0.00 0.16 0.00 99.96
5031 472.4 MC-12 1.5 0.00 0.00 0.00 0.00 0.04 45.90 0.00 0.00 53.59 0.00 0.00 0.13 0.00 100.67
5031 472.4 MC-12 1.7 0.00 0.00 0.00 0.00 0.00 45.41 0.00 0.00 52.16 0.00 0.00 0.12 0.00 100.85
5031 472.4 MC-12 1.T3 0.00 0.15 0.00 0.00 0.05 45.97 0.00 0.00 52.94 0.00 0.00 0.18 0.00 101.16
5031 472.4 MC-12 1.T4 0.00 0.00 0.00 0.00 0.04 46.49 0.00 0.18 53.76 0.00 0.00 0.12 0.00 100.95
5031 472.4 MC-12 1.T5 0.00 0.00 0.00 0.00 0.00 46.16 0.00 0.00 53.05 0.02 0.00 0.14 0.00 100.75
5031 472.4 MC-12 1.T6 0.00 0.00 0.00 0.00 0.00 46.18 0.00 0.00 53.20 0.00 0.00 0.11 0.00 100.02
5031 472.4 MC-12 1.T7 0.00 0.00 0.01 0.00 0.00 45.96 0.00 0.00 52.82 0.00 0.00 0.16 0.00 99.69
5031 472.4 MC-12 1.T8 0.00 0.00 0.00 0.00 0.00 46.07 0.00 0.15 52.79 0.00 0.00 0.18 0.00 97.72
5031 472.4 MC-12 1.T9 0.00 0.00 0.00 0.00 0.00 46.27 0.00 0.00 53.49 0.00 0.00 0.00 0.00 100.61
5031 472.4 MC-12 2.3 0.00 0.00 0.00 0.00 0.00 45.78 0.00 0.00 53.15 0.00 0.00 0.13 0.00 99.45
5031 472.4 MC-12 2.4 0.00 0.00 0.00 0.00 0.04 45.91 0.00 0.00 53.56 0.00 0.00 0.14 0.00 99.64
5031 472.4 MC-12 3.1 0.00 0.26 0.01 0.00 0.00 45.12 0.00 0.66 53.00 0.04 0.00 0.27 0.00 99.08
5031 472.4 MC-12 3.2 0.01 0.00 0.02 0.00 0.00 45.74 0.00 0.24 53.45 0.00 0.00 0.16 0.00 99.21
5031 472.4 MC-12 3.3 0.00 0.00 0.02 0.00 0.04 45.85 0.00 0.00 53.60 0.04 0.00 0.15 0.00 99.90
Element Concentration (weight percent)
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Element Sn Zn Hg Tl Fe Co Ni Cu S As Sb Ag Au
Xray la ka ma ma ka la la ka ka la la la ma
Crystal PETH LiF PETH PETJ Lif TAP TAP LiF PETJ TAP PETJ PETJ PETH
Detection*Limit*wt% 0.0096 0.036 0.017 0.036 0.016 0.33 0.12 0.27 0.0068 0.013 0.0093 0.0095 0.012
Standard*Number 452 431 473 8827 417 427 3114 429 417 434 453 447 466
Standard Tin Zinc Cinnabar TlBr Pyrite Cobalt Millerite Copper Pyrite GaAs Sb Silver Gold
